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CHAPTER 1 
INTRODUCTION 
1.1 General 
Zeolites are porous, crystalline materials which belong to the class 
of aluminosilicates. Aluminosilicates are built from SiO, and AIO, 
1 2 k k 
tetrahedra, linked together by sharing oxygen atoms ' , see Fig. 1.1. A 
simple consideration makes clear that already for a few TO, tetrahedra 
(T = Si.Al) which have to be joined by sharing one or more oxygen atoms, 
many possible structures can be drawn. Therefore it is no surprise that 
aluminosilicates, consisting of a very great number of TO, tetrahedra, can 
exist in many different microscopic structures. 
A common property of zeolites is the presence of microscopic pores in 
the three-dimensional structure. The dimensions of these pores are of 
molecular size and vary between zeolites due to the wide variety of 
building schemes for the TO, tetrahedra, the pores allow the penetration 
. . 3 
into the structure of relatively small molecules like for instance water . 
Naturally occuring zeolites, which have been reported for the first 
4 . . . . . . 
time by Cronstedt in 1756, are rich in water which is briskly liberated 
upon heating, hence their name: zeolite, the stone that boils. Due to the 
pore system (intracrystalline porosity) zeolites find wide applications as 
detergents, molecular sieves and catalysts ' ' ' . The latter application 
stems from the fact that the AIO, tetrahedra bear a negative charge. 
This charge has to be compensated by cations like H or Na in order to 
maintain the neutrality of the zeolite framework, see Fig. 1.1. The 
AIO, H entities, so-called Bronsted acidic sites, have a high acidity and 
can therefore activate a manifold of organic reactions which are of key 
interest for the chemical and petrochemical industry. 
Zeolites can be found in various forms in nature, but since the 
? 8 
pioneering work of Barrer between Worldwar 1 and 2, and many others , the 
majority of industrially used zeolites are nowadays synthesized in the l b a ory and produced on a large scale in zeolite plants. In 1967 Argauer 
9 
and Landolt reported the successful synthesis of a new class of silica-
rich zeolites, called ZSM-5 (Zeolite Socony Mobil) or X-ZSM-5 where X 
1 
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Fig. 1.1 Linkage of SiO. and AIO tetrahedra. 
1 i
 + 
b. Bronsted acidic site due to H . 
denotes the counterion, with pore dimensions (5.4 χ 5.6 A) in between the 
small pores of zeolite (Linde) A (4.2 A) and Erionite (3.6 χ 5.2 A) and 
the large pores of the Faujasites X and Y (7.4 A ) . This ZSM-5 zeolite has 
special catalytic properties with respect to other zeolites which makes it 
very useful for the petrochemical industry . One of these special 
properties is that it can be used as a catalyst for the production of high-
quality gasoline from methanol, obtainable from coal ' . Due to the 
great importance of ZSM-5 many studies have already been performed by a 
variety of analytical techniques to elucidate the remarkable properties of 
these materials ' ' . The aim of this thesis is to investigate ZSM-5 
zeolites by means of solid state nuclear magnetic resonance (NMR) methods. 
Solid state NMR, especially in combination with magic angle spinning 
(MAS), has developed in recent years to a powerful analytical technique 
by which the local environment of an investigated nuclear spin or atom can 
be probed. It can therefore give valuable information about the 
coordination of atoms in zeolite framework positions or in extra-lattice 
positions and thus about the actual state of a zeolite during crystal 
growth, dehydration/hydration cycles and catalysis. 
1.2 Organization of this thesis 
In chapter 2 we deal with the crystal structure of zeolite ZSM-5. 
Chapter 3 gives a brief summary about the essentials of solid state NMR in 
combination with specimen rotation at the magic angle (MAS). Chapter 4 
deals with the adsorption of water on the framework hydroxy1 groups in 
2 
18 1 
zeolite ZSM-5 . In chapter 5 proof is given by means of H MAS NMR and 
temperature programmed desorption of NH (NH.-TPD) that zeolite H-ZSM-5 is 
. 1 9 
a stronger acid than its boroequivalent, H-boralite . Chapter 6 deals 
with а В MAS NMR study on the influence of dehydration on the coordination 
20 
of boron in H-boralite, a boron equivalent of ZSM-5 . Chapter 7 describes 
27 
the influence of dehydration on the Al resonance of Na,ll-ZSM-5 and 
21 
related structures . Chapter 8 and 9 report on the observation of distinct 
tetrahedral AIO sites in ZSM-5 by high-field ¿ Al MAS NMR and the role of 
22 23 
the cations in the structure ' . Chapter 10 describes a study about the 
characterization of intermediate TPA-ZSM-5 type structures during 
24 
crystallization . In the last chapter, chapter 11, we present proof by 
23 
means of Na MAS NMR that the exchangeable sodium ions are mobile in 
zeolite ZSM-525. 
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CHAPTER 2 
STRUCTURE OF ZEOLITES, ZSM-51 
TO, tetrahedra, where Τ may be Si or Al, are the primary building 
2 3 
units of all zeolite frameworks ' as pointed out in the introduction. 
Chains, sheets and three-dimensional networks can be constructed from these 
TO tetrahedra which are linked through shared oxygen atoms. The only 
. . . . 3 4 
restriction is tha t A1-0-A1 bonds may not occur (Loewenstein rule ' ). 
In 1967 Meier proposed the Secondary Building Unit (SBU) concept. In 
this concept SBU's are constructed from the primary building units, the 
TO tetrahedra. All zeolite frameworks can be thought to be constructed 
from such SBU's and classified in this way. Some zeolites can be built 
from relatively simple SBU's like four TO, tetrahedra linked together, but 
for the zeolite ZSM-5 the so-called 5-1 unit of Fig. 2.1A can be considered 
to be the secondary building unit. Two of such 5-1 units are needed in 
order to generate the framework of zeolite ZSM-5 by three simple symmetry 
operations only. Let us call therefore the double 5-1 unit the real secondary 
building unit of ZSM-5. This SBU is heavily darked outlined in Fig. 2.IB. 
By applying a two-fold screw axis to this SBU a chain is formed in the 
direction of the c-axis ((OOll), see Fig. 2.IB. Other chains are generated 
by mirror operation in planes parallel to the a-axis and perpendicular to 
the b-axis (|010|). In this way the (100) sheet or slab is formed. The 
openings in the (100) sheet show already the entrances to sinusoidal 
channels which run parallel to the a-axis (]10θ|). Notice that the opening 
is formed by 10 TO, tetrahedra. Finally, the ZSM-5 framework is constructed 
by interconnection of (100) sheets which are obtained by an inversion 
symmetry operation of chains into chains of an opposite sheet , see Fig. 
2.1С. Two types of channels (pores) are generated by this procedure in the 
ZSM-5 framework: sinusoidal channels which run parallel to the a-axis and 
straight channels parallel to the b-axis. 
Fig. 2.2 shows a stereograph of zeolite ZSM-5. The three-dimensional 
channel system is easily observed. A related zeolite, ZSM-11, is formed by 
a second mirror operation applied to the (100) sheet, see Fig. 2.1С. In 
this type the two interconnected channels which run parallel to the a- and 
5 
A] V 
/Ч° -ν 
5-1 
(100) 
С) 
S S 
ZSM-5 * * " H ' ZSM-11 
Fig. 2.1 Construct-ion o/ tóe zeolite ZSM-5 and ZSM-11 framework. 
A) The building block of zeolite ZSM-5 is formed by two 5-1 units. The 
positions of the T-atoms (T = Si,Al) are partly indicated. The T-O-T 
bridges are represented by straight lines. The T-O-T angle is circa 
140-150°. 
B) (100) sheet. Two-fold screw axis and mirror planes are indicated . 
C) Connection of (100) sheets; ZSM-5 by inversion and ZSM-11 by mirror 
operation. Arrows indicate the channel directions. Also the unit cell 
is indicated (by*, -t). 
6 
Fig. 2.2 Stereopair of Σ SM-5 viewed along the b-aa:is¿ 
b-axis are straight. Some additional crystallographic information about 
ZSM-5 is compiled in Table 2.1. The synthesis procedure and the 
characterization techniques are discussed in chapter 10. 
The shape and size of this three-dimensional pore system and the high 
thermostability, probably due to the low aluminum content (ьее Table 2.1), 
are the reasons that zeolite 7.SM-5 has such unique properties, which 
differ from the small-pore zeolite (Linde) A and large-pore zeolites such 
as X and Y (Faujasites). The size of the pore system is only one aspect of 
zeolite ZSM-5. An other aspect is that the silicon atoms in the TO, 
tetrahedra can be isomorphously replaced by other atoms like boron, iron 
Table 2.1 Crystallographic data of ZSM-5'. 
channels II |010| (aperture 5.4 χ 5.6 A) interconnected with 
channels II I 1001 (5.1 χ 5.5 A ) . 
unit cell 
composition 
(Na,H)
n
|Si 9 6_ nAl nO i g 2| η < 27 
space group Ρ (orthorhombic) a = 20.1, b = 19.9 and с = 13.4 A 
7 
or aluminum. In this way the composition but also the properties of zeolite 
¿SM-5 can be changed at will. The replacement of silicon by atoms with a 
different valency causes the introduction of cations like H or Na , in 
order to maintain the neutrality of the framework. These cations which 
play an essential role in catalysis and adsorption phenomena have been 
studied by MAS NMR as reported in the chapters A, 5 and 11. 
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CHAPTER 3 
SOLID STATE NMR 
3.1 Introduction 
Nuclear magnetic resonance (NMR) in combination with rapid specimen 
rotation at the magic angle (MAS) has grown to be one of the most powerful 
techniques for studying non-metallic solids. 
NMR is a spectroscopic technique based on the phenomenon that some 
atomic nuclei possess a spin which interacts with an applied magnetic field 
В . For a nucleus with spin quantumnumber I this Zeeman interaction gives 
rise to 21 + 1 separate energy levels between which transitions can be 
induced by radiation of radiofrequency. The splitting of the energy levels, 
and the frequency of the required radiation, is determined by the spin 
Hami1tonian: 
X = - Σγ.ΓιΒ
η
.ΐ. (3 
ζ £ ι 0 ι 
where I. is the spin vector operator and γ. the gyromagnetic ratio of 
nucleus i. The Zeeman interaction usually is by far the greatest interaction 
to which a nuclear spin is subjected but not the only one. Interactions of 
the spin with other spins, the dipolar interaction JC,, the chemical shift 
interaction JC , and the interaction of the quadrupole moment of the nucleus 
cs 
with the electric field gradient at the nuclear site, the quadrupole 
interaction 3C, all contribute to the appearance of a NMR spectrum. 
An essential difference between NMR of a liquid and a solid is that 
in a solid these intrinsic spin interactions are anisotropic. For a liquid 
or solution the anisotropy of these interactions is averaged out by rapid, 
random tumbling of the molecules. In a solid, this tumbling usually does 
not occur and then the anisotropic spin interactions yield NMR frequencies 
which depend on the orientation of the magnetic field with respect to 
molecular or crystal axes. 
In the case of powders such as zeolites all possible orientations of 
crystallites are present. Hence many frequencies are observed simultaneously 
9 
in a NMR experiment. In such cases the observed NMR resonances can be 
quite broad and featureless. Therefore a solid state line narrowing 
technique like magic angle spinning (MAS) has to be used in order to 
obtain high resolution NMR spectra of powders. MAS acts on the orientational 
dependence of the interactions and in this way a reduction of the 
linebroadening is achieved. 
In the following sections the anisotropic interactions 3f , JC and JL 
d e s ^ 
are briefly discussed, together with techniques by which the NMR linewidth 
in solids resulting from these interactions can be reduced. For a more 
thorough treatment of the phenomena associated with NMR we refer to the 
1 2 3 4 
monographs of Abragam , Slichter , Haeberlen , Mehrmg and the articles 
of Lippmaa ' , Andrew and coworkers. 
3.2 Dipolar interaction The dipolar interaction can broaden NMR resonances to such an extent 
that valuable information like the chemical shift is not observed. There­
fore the dipolar interaction has to be eliminated. The (truncated) dipolar 
Hamiltonian expressing the dipolar interaction between N like spins i,j 
(the homonuclear case) is given by : 
X. = 1/2 Σ h2Y2rT3(I.-I. - 31. I. )(3cos2e.. - 1) (3.2) 
d i<j 1J ι J iz jz / v ij 
where γ is the nuclear gyromagnetic ratio of the spins i and j, г.. is 
the internuclear distance and Θ.. is the angle between г.. and the 
magnetic field BQ. In the case of two unlike spins I and S (heteronuclear 
I 13 1 29 
case), e.g. H- С or H- Si, the expression for the (truncated) 
dipolar interaction reduces to: 
S^ = -W^isVz^Xs - '> ( 3 · 3 ) 
The dipolar interaction can be zero by natural causes (i) or can be 
eliminated by the experimentalist (ii.iii): 
(i) Random rotation of molecules in fluids or of adsorbed molecules 
like water in the pores of zeolites average the dipolar interaction X, to 
10 
2 
zero, as the isotropic average cos 0 = 1/3. 
(n) Rapid specimen rotation with a frequency ω about an axis 
inclined to В by an angle β, influences the angles θ . This can be 
expressed by. 
СОБ = cosB соз + sing sinG cos(u) t + φ ) (3.4) 
il ij ij r Yij 
where θ is the angle between the internuclear vector r and the 
^ 0 - 1 J 
spinning axis and φ is the azimuth angle of vector r at t = 0. 
Substitution of this expression in equation (3.2) or (3 3) reveals a 
Hamiltonian consisting of two parts, a mean value j{. independent of time 
d
 7 
t and a time dependent part К (t) periodic with ω and zero mean value . 
3Cd - K d + Jfd(t) 
JC, = l/2(3cos2ß - 1)· } 1/2 Y2h2r~3(I . 1 - 3 1 I МЗсоз -1) (3.5) 
d
 1 < J ij ι J iz jz ij 
JMt) = Y 1/2 Y2h2r 3(I I - 31 I ) d
 1 < : ) ij ι j iz jz 
{ 3/2sin2B-sin2o' ·005(ω t + φ ) (3.6) 
2 2' 0 
+ 3/2sin β-sin θ -cos^ü) t + 2φ ) » ij г Ij 
Similar expressions are found for the heteronuclear case. 
The time-averaged homonuclear dipolar Hamiltonian Jf reduces to zero 
2 by spinning at the magic angle (ß=540A4', cos β = 1/3) as can be seen 
from equation (3.5). Dipolar broadening (homo- and heteronuclear) of a 
NMR resonance can thus in principle (vide infra) be eliminated by magic 
angle spinning, yielding a narrowed resonance at a position determined by 
the other intrinsic interactions. The time dependent part JC, (t) gives 
rise to spinning side bands (SSB) separated from the narrowed resonance 
line (centerband) by multiples of ω , at least when the spinning frequency 
1 1 
u, is high enough. How high this frequency has to be depends on the type 
of dipolar interaction. 
The heteronuclear dipolar interaction (equation 3.3) gives rise to 
an inhomogeneousline broadening and one can show that in such a case this 
line broadening can be eliminated even if the spinning speed is less than 
Q 
the linewidth of the static specimen . In order to average the homonuclear 
dipolar interaction (homogeneous broadening) to zero by magic angle 
spinning, the spinning frequency has to be larger than the linewidth of 
the static specimen. 
13 29 
In many cases we deal with dilute spins like С or Si so that the 
homonuclear dipolar interaction between these spins is small due to the 
large г.. distances. Magic angle spinning alone is then sufficient to 
eliminate these small broadenings completely (SSB are too small to be 
observed). In unfavourable cases like H - H dipolar coupling the line-
width can be as large as 50 kHz, so that it cannot be reduced by MAS at 
speeds achievable at present ( < 8 - 10 kHz). In these cases, if one has to 
use H NMR, the linewidth can be reduced by multiple pulse methods. 
(iii) Multiple pulse methods are techniques based on the 
manipulation of the spin operators in equation (3.2) by making them 
time dependent. By a combination of rf pulses the operator term (I.-I. -
31. I. ) can be time averaged to zero, and in this way the homonuclear iz jz 
dipolar broadening can be eliminated. The experimental techniques are 
difficult, therefore this method is not routinely used and, fortunately, 
in general not necessary for the study of zeolites. 
A simpler variant of the multiple pulse method is dipolar decoupling. 
This consists of irradiating nuclei I like H at its resonance frequency 
while observing the resonance of nucleus S. This results in a time 
averaging of I to zero. In this way tt 
ζ 
homonuclear interaction is eliminated. 
3.3 Chemical shift 
The Hamiltonian expressing the shielding of the nuclear spins by 
9 
surrounding electrons is given for N nuclei by : 
he heteronuclear and a part of the 
3f = Σγ.ΐιΒ ·σ. ·ΐ. 
es ¿ Ι 0 ι ι 
12 
where σ. is the chemical shift tensor of nucleus i in the laboratory frame 
ι 
( в 0 и z ) . 
This interaction is very small with respect to the large Zeeman 
interaction 1С . Therefore, it can be treated by first order perturbation 
theory. As a consequence only the tensor componentσ. is retained and 
equation (3.7), by dropping the indices i for convenience, can be written 
Jf = Yfio В I (3 
сь zz 0 ζ 
with the z-axis along В (Zeeman axis system). 
The tensor component σ can be expressed in terms of the principal 
zz -
values σ (ρ = 1,2,3) of the rhemical shift tensor by : 
PP 
2 2 2 2 2 
σ = sin O-cos φ-σ,, + sin θ·8Ϊη φ·σ»- + cos θ·σ.„ (3 
zz 11 IL JJ 
where а,ф are the angles reflecting the orientation of B- with respect 
to the principal axes of the chemical shift tensor. 
In a short-hand notation: 
σ = λλ ·σ (3 
zz ρ pp 
where the λ 's are the direction cosines of the principal axes of the 
Ρ + 
chemical shift tensor with respect to В . 
In the case of isotropic motion like the rapid tumbling of molecules 
2 
in a fluid, the average of λ = 1/3 (ρ = 1,2,3). The (average) value of 
о is then given by: 
zz 
σ = 1/3 Σσ = 1/3 Tr(a) = σ. (3 
zz _ pp iso 
where σ. is the (scalar) isotropic chemical shift normally encountered iso r 
in NMR spectroscopy of fluids. 
The expression for the chemical shift σ (equation (3.9)) can be 
zz 
rewritten in terms of the isotropic chemical shift σ. , the chemical 
v
 ISO 
shift anisoLropy & = (σ,,, - σ. ) and the asymmetry parameter r j
 33 iso 
η = (σ 2 2 - σ )/δ into
3
'
7
: 
σ = σ . , + δ ί l/2(3cos 2 0 - 1) + 1/2 п5Іп 2 соз2ф ) (3.12) 
In the case of powders all possible orientations of crystallites are 
present. Hence all possible frequencies of chemical shifts (σ, equation 
(3.12)) are observed simultaneously in a NMR experiment. Fig. 3.1 shows 
the calculated powder NMR spectra according to equation (3.12) for η = 0 
and 0.6. It is evident that from experimental powder NMR spectra the 
principal values of the chemical shift tensor can be obtained. 
Overlap of several NMR resonances due to chemical shift anisotropy 
results in difficult interpretable NMR spectra; especially in those cases 
η = 06 
η=0 
η6 0 б 
Fig. 3.1 Theoretical powder patterns (with linebroadening) for an axially 
syrmetrio chemioal shift tensor Γη = 0) and a ohemiaal shift tensor with 
asymmetry parameter η = 0.6. PaLLerns are calculated with the b'IFT method 10 
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oliere less intense NMR resonances are present. In such cases MAS is used 
to eliminate the chemical shift amsotropy. Spinning with frequency ω 
around an axis uhich makes an angle (3 with B- and at angles X to the 
0 ρ 
principal axes of the chemical shift tensor results in a modulation of λ . 
Ρ 
λ = cosßcosX + sinßsinX cos(io t + φ ) (3.13) 
ρ ρ ρ r ρ 
where φ is the azimuth angle of the principal axis ρ at t = 0. 
By substitution of this expression in equation (3.10) we find for 
the chemical shift a time averaged part σ and a time dependent part a(t) 
α = α + a(t) 
σ = 3/2-sin23-a + l/2(3ros2ß - l)j.o tos2X (3.14) 
iso pp ρ 
o(t) = Лсозш t + Bsiniü t + CCOS2L) t + Dsiniu) t (3.15) 
r r r r 
Л, В, С and Ü are factors depending on χ , φ and σ , the appropriate 
11' PP 
expressions can be found in the literature 
Ine time dependent part o(t) gives rise to spinning side bands at 
multiples of ω centered around the narrowed resonance at σ. The time 
r 
averaged shift σ reduces to σ (the isotropic chemical shift) in the 
iso 2 
case of magic angle spinning (β = З^АД', cos β = 1/3). The position of 
the narrowed NMR resonance in frequency units is then given by: 
v 0 ( l - a i s o ) (3.16) 
It can thus be concluded that linebroadening due to chemical shift 
amsotropy can be eliminated by magic angle spinning. 
3.4 Quadrupole interaction 
The Hamiltoman describing the inhomogeneous broadening of the NMR 
resonance of N quadrupolar nuclei (I > 1/2) m a powder due to the 
15 
interaction between the nuclear quadrupole moment and an electric field 
3 1 2 
gradient at the nuclear site is given by ' : 
= ->-3^  = Σ [eqJbl^ZL^ - 1)] y v ^ ^ (3 
where Q is the quadrupole moment and V the electric field gradient 
tensor (vide infra) of nucleus i. 
This Hamiltonian can be rewritten in terms of the parameters V and 
¿z 
η = (V - V )/V , where V , V , V are the principal elements of 
xx yy zz xx yy zz _ 
tensor V. The quadrupole Hamiltonian is then , dropping the index ι for 
simplicity: 
JL. ={ eV Q/(4I(2T- 1))} . [ 31^, - I 2 + η ( Λ - Λ ) ] (3 
where the ьріп operators are evaluated in the principal axis system 
(P.A.S.) of V. 
In the high-field case the Zeeman interaction Jf is larger than the 
quadrupole interaction 3f . Therefore, the effect of the quadrupole 
interaction on the energy levels m created by the Zeenan interaction can 
13 be treated by perturbation theory . The energy of level m is then given 
in first order by: 
E = E 0 + E 1 = < mljC Im > + < rnljClm > (3 
m m m ' ζ ' 'T)1 
where 3( is the part of the quadrupole Hamiltonian that commuteb with 
JC . 
ζ 
The frequency of the transition m -»-m-l appears in first order 
perturbation theory at : 
2 2 
ν , = v„ - αί l/2(3cos 0 - 1) + I/2 nsin ücos2<b](m- 1/2) (3 
m «* m- 1 О 
where а = Зе Q/2I(2I- l)h = 3v /21(21-1) 
zz Q 
and θ and φ are the angles of the magnetic field В with respect to the 
m 
-д 
2 
-1 i 
Л 
2 
νο+ν
α
ί(Θ) 
J Ι ( ) 
Fig. 3.2 Ъпегду level diagram of a nuclear opin I = 3/2. The first-order 
contribution of the quadrupole interaction (U chayiges the Zeeman lévele 
{Oí. The frequencies of the transitions are indicated for the axial 
symrietrio case: 
"(U) 3/Ί (2cos 'θ 1) 1(2,1-1) 
principal axes of the electric field gradient tensor and 'J the 
quadrupole frequency. 
Fig. 3.2 shows the energy levels of a nuclear spin I = 3/2 as created 
by the Zeeman interaction ЭС and the change of these levels by the first-
order contribution of the quadrupole interaction. The frequencies of the 
transitions are indicated for the axial symmetric case (η = 0). The 
frequency of the 1/2 о -1/2 transition is not perturbed by the quadrupole 
interaction in first order (equation (3.20) m = 1/2). The shift of the 
other transitions is of the order of the quadrupole frequency ν which in 
many cases can be quite large (MHz range). 
As mentioned before in tne case of powders all orientations of 
crystallites are present. Therefore, the intensity of the 3/2 •*»• 1/2 and 
-3/2 •» -1/2 transition is spread out over the whole range of possible 
17 
frequencies (MHz range). The resonances of such transitions are normally 
too broad to be observed in solid state NMR spectra, even in the case of 
magic angle spinning. This means that the only observable résonance is 
the central 1/2 «* -1/2 transition. 
The quddrupole interaction contributes to the 1/2 ** -1/2 transition 
in second order perturbation theory. The energy of level m is then given 
by: 
0 1 2 
Ь = E + E + E (3.21) 
m m m m 
and the frequency of the 1/2 •» -1/2 transition 
2 
υ
ΐ/2 « -1/2 = V0 " ^ Г ( І ( І + 1)-3/4)[Л(ф)со3
Ч
 + В(ф)соз'г0 + С(ф) ] (3.22) 
0 
where. 
α = 3v /21(21 - 1) 
Q 
27 9 3 2 2 
Α(Φ) = g- + (-д)псоз2ф - (g)n cos 2ф 
В(ф) = ψ - IL· - 2гісоз2ф + фл 2соз 22ф 
С(Ф) = - | + з" - фпсоз2ф - фл 2соз 22ф 
and θ,φ are the angles mentioned before with equation (3.20). 
Fig. 3.3 shows the calculated powder patterns (with line broadening) 
for η = 0.0 and 0.6. The positions of the singular points of the powder 
pattern depend on the asymmetry parameter η of the electric field gradient 
2 
and the ratio of the quadrupole frequency ν and the Larmor freqeuncy v
n
. 
Elimination of the quadrupole broadening of the 1/2 *» -1/2 transition 
by MAS is not achieved since the onentational dependence of equation 
2 
(3.22) is not of the form (3cos θ - 1). But the broadening of the 1/2 **-\/2 
transition by the quadrupole interaction can be reduced by magic angle 
spinning by roughly a factor 4, see Fig. 3.3. MAS yields a powder-like 
pattern with a characteristic shape determined by ν and η. The MAS NMR 
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η = 06 
NO MAS 
MAS^ 
; 
к '' 
• I V I, 
' ι I 
'ι κ 
η = 0 
η = 0 
0 -4 ρ 'ÌD -à-D "HD 
21 S 3 9 
Fig. 3.3 Theoretical pattern (with line broadening) of 1/2 +* -1/2 
transition of a quadrupolar spin in a powder for the asymmetry parameters 
r\ = 0.0 (B) and η - 0.6 (С). A: pattern with magia angle spinning for η = 
0.0. Singularities and discontinuities are indicated for the axial symnetric 
case; 
2 
n =
 J_ ^R {KI+D-2/4} 
"
 64
 "0 I2(2I-1)2 
Patterns are calculated with the FIFI1 method . Lotice that with quadrupole 
interaction the MAS narrowed line is shifted with respect to the position 
where the line would be found in the absence of quadrupole interaction, 
ν = ν . hor the matter of comparing lineshapes the intensity of the MAS 
line has been decreased by a factor 4. 
spectrum and the spectrum obtained without MAS therefore yield valuable 
information on the local symmetry around the quadrupolar nucleus (vide 
infra). The advantage in using the MAS NMR spectrum lies in the increased 
sensitivity due to narrowing of the spectrum. A formula for the frequency 
19 
of the 1/2 ** -1/2 transition under MAS conditions has been derived by 
Kundla et al. and rewritten by Kentgens et al 
2 
Vl/2 «-1/2 = V Z " ik^T'
 i(2+i)'3/2 •[A(«)c°sVBU)cos2e-|-c(-i)] (3.23) 
ζ 1 (21-1) 
where 
7 7 7 2 2 
A(a) = -j - (^ Олсозга + (уд)л соь 2a 
B(a) = -3 + (|)η2 + (|)ncos2a - (|-)n2cos22a 
5 1 7 2 2 
С (a) = τ- - tì^cosla + (TO) η cos 2a 
b J lo 
and α and В are the polar angles of the spinner axis with respect to the 
principal axes of the electric field gradient tensor. 
tigs 3.3 and 3.4 show calculated powder patterns (with line broadening) 
under MAS conditions for several values of η. Notice that the Imewidth 
with respect to the static powder pattern has decreased (see Fig. 3.3). 
The positions of the singular points of the MAS narrowed powder pattern 
2 
depend on the ratio ν /ν like in the case of the static powder pattern. A 
high ratio shifts the pattern to higher field (lower ppm value) and broadens 
the pattern more. The shift is called the quadrupole induced shift (QIS). 
It is clear that high magnetic fields lower this ratio, the NMR pattern is 
narrowed and the QIS is reduced. The average position of the pattern is then 
shifted to lower field (higher ppm value), closer to the isotropic chemical 
shift of the nucleus under investigation. 
The tensor elements V of the electric field gradient tensor V 
11 
(equation (3.17)) are the second derivatives of the electric potential V at 
the nuclear position. The potential V arises from external charges of 
either electrons or other nuclei. It is easy to show that the field gradient 
ι ? iñ 
V in terms of spherical coordinates is given by ' 
V = /q(r)(3cos2e - l)/r3 dV (3.24) 
zz 
20 
10 
/ л 
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Fig. 3.4 Theoretical pattern of 1/2 <* -1/2 transition of quadrupolar spin 
in a powder with fast magic angle spinning for different values of the 
asymmetry parameter η. Pavterns are calculated with the FIF? method . 
where q(r) is the charge density which may be expressed by a squared wave 
η 
function |Ψ(Γ)Ι . Similar expressions can be found for V and V 
1 1 r
 xx yy 
In general the field gradient V can be separated into two parts: 
zz 
the valence contribution V and the lattice contribution V, . The 
core latt .Q 
(actual) field gradient V at a nuclear position is then given by : 
V = (1 - γ )V1 + (1 - R)V zz » latt core (3.25) 
18 
where γ^ and R are the Sternheimer shielding factors of the particular 
atom. 
The core contribution V can be calculated by quantum chemical 
c o r e
 19 20 
methods like the Huckel LCAO-MO method ' . It is clear that the electrons 
-3 
close to the nucleus (core electrons), through the r dependence, have a 
21 
dominant contribution to the field gradient. In the case of closed shell 
atoms (e.g. ions) the electronic charge is spherically symmetric, thus 
the core contribution is zero. This means that in the case of pure ionic 
bonding (the valence charges are concentrated on the atoms) we only have 
to deal with the lattice contribution. In this case the lattice 
contribution V, in terms of point charges q. at distances r. of the 
latt ι ι 
nuclear position is given by: 
V 0 2 3 
\ „= V = Eq.(3cosZ0. - l)/rf (3. 
latt zz ^ i ι ι 
where Θ. is the angle between the vector r and a chosen (symmetry) axis 
0 1 i 
and V indicates that we are dealing with the field gradient in an ionic 
model. 
The field gradient V at the nuclear position of an atom M coordinated 
zz 
to η ligands 0 with equal charges q and distances r can be calculated by 
equation (3.26). Fig. 3.5 shows for a representative set of MO 
"complexes" that the calculated field gradient V at the nuclear 
position depends on the coordination number c.n and the coordination 
geometry. The asymmetry parameter η is zero (V = V ) in all cases due 
to the presence of n-fold rotation axes (n > 2). 
In solids the field gradient parameters V and η at a nuclear 0 r
 zz 
position M are mainly determined by the atoms (ligands) in the first 
coordination sphere, as the contributions of higher spheres drop fast 
-3 
through the r dependence of V . This means that the experimental 
zz 
determination of the field gradient parameters by simulation of MAS MMR 
spectra, together with theoretical considerations, can be used for the 
elucidation of the coordination (geometry) of a quadrupole nucleus M in a 
solid. An illustration of this procedure can be found in chapter 6 where 
the coordination of boron (I = 3/2) in H-Boralite is determined as a 
function of the water content in the pores of the material. 
J I I I L 
0 1 2 3 A 
Fig. 3.5 Theoretical field gradient V (absolute value) of a 
representative set of (ionic) MO "complexes" as a function of the 
coordination number (c.n). 
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CHAPTER Ц 
Adsorption of water by H-ZSM-5 
zeolite studied by magic angle 
spinning proton n.m.r. 
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(Received 30 July 1982) 
It is shown that magic angle spinning considerably narrows the Ή π m г lines in zeolite 
H ZSM-5 With this technique two η m r lines are observed due to protons in either H2O 
molecules around silanol groups and Br^nsted acidic sites or structural —OH groups at these 
sites The desorption and adsorption behaviour of water at these sites are studied for samples 
with different Si/AI ratios and ion exchange treatments 
Kaywordi Adsorpt ion H-ZSM-5. MAS η m г solid state η m r p r o t o n π m г 
INTRODUCTION 
Protons play an important role in the catalytic 
activity of crystalline zeolites, both in the struc­
tural hydroxyl groups and in physically or chemi­
cally adsorbed water'. Due to their nuclear spin 
I = 1/2, protons can be conveniently detected by 
n.m.r Chemically different protons give rise to 
separate n.m.r. lines if the chemical shift differences 
exceed the linewidth of the individual Unes. In 
solids, usually, the Ime broadening by anisotropic 
interactions like dipolar interaction and chemical 
shift anisotropy, is so severe that a single, broad 
proton n.m.r. line is observed. 
Here we want to report that magic angle spinning2 
of H-ZSM-5 samples reduces the proton η m.г. line 
so much that two separate proton lines can be 
observed. The intensity of the two proton lines 
then is measured as a function of dehydration and 
hydration of H-ZSM-5 at different temperatures. 
METHODS 
Preparation of samples 
Synthesis of zeolites normally takes place from 
strongly alkaline silicate and alumínate containing 
solutions. As described in the patent literature3 use 
of tetrapropylammomumhydroxide as the mam 
basic compound will lead to the formation of 
ZSM-5 type zeolites. We used this method to 
prepare three zeolite ZSM-5 samples with different 
Si/AI ratios, indicated as: EX3(Si/Al =11) , DX2 
(Si/Al = 29) and KY(Si/Al = 75). 
The hvdrogen form of these samples was obtained 
either by a direct ion-exchange method, using a 
1 M HCl solution (sample DX) or by an indirect 
method consisting of ion-exchange with a 1 M 
NH4NO3 solution followed by a thermal decom-
position of the NHJ ions into H+ and NH3(g) 
(samples EX and KY). X-ray diffraction showed 
that all zeolite samples are highly crystalline and 
exhibit the typical diffraction pattern of zeolite 
ZSM-5 
Chemical analyses of Na (and K), Si and Al were 
performed bv conventional methods and lead to 
the following chemical formulae of a unit cell of 
the different samples, assuming that there are 96 
(Al + Si) atoms per unit cell [Table 1). The magic 
angle spinners are filled under an anhydrous 
nitrogen gas atmosphere in a glove box. 
Procedures of dehydration and hydration 
Dehydration of the powdered samples was effected 
by means of vacuum pumping at 200 С or by a 
helium flow at S S O t in a pyrex tube. Hydration 
of the samples was performed at room temperature 
m an evacuated pyrex tube having a constant water 
Tab!·! 
Sample 
EX3 
0 X 2 
KY 
Composit ion of sampl 
Si/AI 
rat io 
11 
29 
75 
H 
6 
1 6 
1 3 
es 
Chemical formulae of unit cell 
Na/K 
2 
1 6 
A I O , S iO, 
8 88 
3 2 92 8 
1 3 94 7 
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vapour pressure because of an ampoule with water 
connected to the tube. 
N.m.r. technique 
The n.m.r. spectra are taken on a home-built 180 
MHz FT spectrometer. The samples can be spun 
around the magic angle at frequencies up to 4 kHz 
in a cylindrical, double air-bearing KEL-F spinner4. 
Straightforward 90° pulse excitation is used while 
the receiver functions in the quadrature detection 
mode. 
RESULTS AND DISCUSSION 
Figures 1-3 show the proton .И.45 n.m.r. spectra 
for three H-ZSM-5 samples, denoted: EX3(Si/Al = 
11), DX2(Si/Al = 29) and KY(Si/Al = 75), as a 
function of dehydration and subsequent h\dration. 
Figur· 1 The Ή MAS n.m.r. spectn of ïample ЕХЭ at different 
stages of hydration Spectrum 1 , untreated, relative spectrometer 
gam = 1. Spectrum 2, vacuum dried et 200 o C for 184 h ' Э0 1" = 8. 
Spectrum 3, idem for 33 h, gain = 10 Spectrum 4. material of 
spectrum 3 contacted for 15 mm to water vapour at room tempera­
ture, gem = 9. Spectrum 5, idem for 30 mm, gem = 7. Spectrum 6, 
idem for 90 mm, gain = 4 . Spectrum 7, idem for 210 mm, gain = 3 
Ftejr« 2 The Ή MAS n.m,r. spectra of sample D X 2 et different 
stages of hydration, Spectrum 1, untreated, gain = 1 Spectrum 2, 
vacuum dried at 200 o C for 6 6 h, gain = 5.5. Spectrum 3, idem for 
83 h, gam = 6. Spectrum 4. material of spectrum 3 into contact 
with water vapour for 15 mm, gain = 3 Spectrum 5, idem for 
4 5 mm, gain = 1.5. Spectrum 6. idem for 20 h, gain = 0.5 
fl . I S . 1 ., ' 
Figure 3 The Ή MAS η m r spectra of sample KY at different 
stages of hydration. Spectrum 1, untreated, gain = 1. Spectrum 2, 
dried with He at 350°C for 19 h, gain = 20 Spectrum 3, idem for 
23} h, gam = 23. Spectrum 4, material of spectrum 3 left in magic 
angle spinner for 2 days at room temperature, gain = 1 3 Spectrum 
5, idem for 21 days, gain — 6 
For all untreated samples, which were supposed to 
be saturated with water, only one line is found, 
right at the position of the proton resonance of 
free H2O. This line clearly is due to physisorbed 
water, because drying the sample at 200 or 
350aC causes this line to disappear and two, much 
weaker lines remain, one at lower field (high ppm 
value) and the other at a higher field than the free 
HjO resonance. Infrared studies5 also have shown 
that dehydration starts with a rapid initial loss of 
physisorbed water, already at 150°C. Further de­
hydration of our samples always results in the same 
two line n.m.r. spectrum except that the relative 
line intensities change. 
Before discussing these line intensity changes, let 
us first look into the assignment of the spectra. 
With a 310 Dupont Curve Resolver the spectra 
were decomposed into component Loremzian 
lines. It appeared that a much better fit was found 
when simulating the spectra with three lines 
instead of two lines. The third line is much broader 
than the other two and its presence can be inferred 
directly from most of the spectra m Figures 1-3. 
The two relatively narrow components have un­
equal intensity. For the maximally dried samples 
the low field component in the spectrum of EX3 
(Si/Al = 11) is much stronger than the high field 
line, while they have about the same intensity for 
the samples with the higher Si/Al ratios. This seems 
to suggest that the low-field n.m.r. lines are due to 
protons around Al sites (Br^nsted-acidic sites), 
either in water molecules or in OH groups. The 
high field lines must then belong to silanol groups, 
= SiOH, and/or water molecules around them. Also, 
protons at the Br^nsted sites are expected to be 
more acidic than at Si sites and therefore should 
resonate at a lower field. 
26 
We tried to confirm this conclusion by determining 
the spectrum of Silicalite, a material with a 
similar s t ructure to H ¿ S M - 5 but wi thout alum in 
mm Figure 4 shows the VHS pro ton spectrum of 
Silicalite, untreated and after extensive drying For 
comparison, Figure 4 also shows the corresponding 
spectrum of KY H ZSM-5 In the spectrum of the 
untreated Silicalite a relatively broad line is found at 
about the free HJD resonance which disappears on 
dr \ ing Further, the untreated sample shows a 
high field line at the same position as the high field 
line in KY Lpon drying, this high field line in 
Silicalite does not disappear bu t doubles Also the 
dehydrated Silicalite shows a broad line centred 
at around —4 ppm Apparent ly , the situation in 
Silicalite is much more complicated than in H 
ZSM-5 However, for the present discussion it is 
important to note that in Silicalite no low field 
line like that in the H ZSM-5 samples is found So, 
at least the assignment of this low field line to 
protons at the Al sites is not contradicted by the 
Silicalite experiment 
The assignment of the third, very broad com 
ponent in the H ZSM-5 spectra is more difficult 
Several causes for the existence of such a broad 
line can be mentioned The presence of unpaired 
electron spins in the H ZSM-5 samples (vide infra) 
may cause a broadening of the η m r line of some 
of the proton spins Also the dipolar interaction 
HjO 
10 0 ppm I T 4 S I 
Figur· 4 The Ή MAS η m r spectra of untreated silicalite (relative 
spectrometer gam = 1 ) dried silicalite (60 h at 350°C gam = 9 5) 
and dried KY ( 2 3 j h ) 
Figura 5 The integrated relative intensities of the low field (o) 
high field ( · ) and broad line Ы of sample EX3 as a function of 
drying and wetting time 
between some of the nuclear spins ( ' r i — ' H , 
Ή —
2 7 A1) may n o t be averaged out completely by 
magic angle spinning 
On the other hand, magic angle spinning is essential 
for revealing the two line spectrum, a stat ionary 
sample shows a broad (~ 3 kHz) structureless line 
However, also for the two relatively narrow com­
p o n e n t lines magic angle spinning has not been as 
effective as one could have hoped for A very 
trivial cause for the rather large l inewidth may be 
the distr ibution of chemical shifts for clusters of 
molecules around the silanol groups and Br^nsted 
acidic sites 
Another possible explanation which has t o be 
ment ioned, is the existence of unpaired electrons 
in our samples, as evidenced by e s r. signals, b o t h at 
room temperature and at helium temperatures 
These unpaired electrons seem t o be responsible 
for the very fast, non exponentia l p r o t o n spin 
lattice relaxation ( 7 " ^ 5 ms for the untreated 
sample and ~ SO ms for the dehydrated sample) 
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Unpaired electrons are very efficient relaxation 
sources for proton spins surrounding the electrons. 
Proton spin and/or HjO molecular diffusion takes 
care of the contact with proton spins farther re­
moved from the unpaired electrons spins'. On 
dehydration HjO molecules are removed and spin 
and/or molecular diffusion becomes less effective, 
making the average proton 7Ί longer. Further 
experimental work has to be done to discriminate 
between the above-mentioned inhomogeneous or 
homogeneous sources for the line broadening. 
On returning to Figures 1-3, we see that for all 
samples the relative intensities of the two n.m.r. 
lines are different at different stages in the 
dehydration or hydration process. A careful 
quantitative study therefore can clarify the kinetics 
of the water adsorption at these two sites in the 
H-ZSM-5 zeolite. Here we want to present a 
qualitative study only. 
Figures 5-7 show the dependence of the integrated 
intensity of the above-mentioned three com-
10 20 
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Figur· β The integrated relative mtensitiei of the low field, (o), 
high field, ( · ) , «od broad line, ( Δ ) , of sample D X 2 a* · function of 
drying and wetting time 
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Figur« 7 The imegrated relative intensities of the low field, |o), 
high field, ( · ) , and broad line, [&), of sample KY es a function of 
drying and wetting time 
ponents on dehydration and hydration. The broad 
component is denoted by a triangle, the low-field 
line by open circles and the high-field line by filled 
circles. The intensities are expressed as percentages 
of the integrated line intensity of the single line of 
the untreated, fully hydrated samples. So, after 
dehydration only a few percent of the protons are 
left. On bringing the samples into contact with 
water vapour at room temperature, all three com­
ponents increase again in intensity. We never 
reached the point, however, where only one line 
•vas found again. This in spite of the fact that in 
the DX2 sample after 20 h of contact to the water 
vapour, the sum of the integrated intensity of the 
three components far exceeds 100%, i.e. more 
water is present than in the untreated sample. 
The treatment of the KY sample during hydration 
was different from that of the DX2 and EX3 
samples. The sample was kept in the KEL-F 
spmner all the time and water could only enter 
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through the spinner walls The KY sample there 
fore did not absorb as much water as the two other 
samples 
It appears from Figures 5-7 that upon drying the 
samples the integrated intensitv of the silanol 
groups is lower than the intensity of the Br^nsted 
acidic sites and that upon hydration the silanol 
group intensitv of the samples EXS and KY 
approaches an equilibrium value, in contrast to the 
Br^nsted acidic sues and the silanol groups in DX2 
which still seem to increase 
\ possible explanation for this phenomena is the 
fact that in the EX3 and KY samples silanol groups 
are present only at the outer surface of the crystal 
and that in D\2 as caused bv the HCl treatment 
silanol groups (apart from those at the surface) are 
generated in the pores7 
CONCLUSIONS 
Magic angle spinning proton η m г is a useful 
technique for the study of water adsorption by 
zeolites In H ZSM-5 two adsorbing sites can be 
observed b> their difference in proton chemical 
shift I he low field resonance is assigned to 
protons at Si OH Al sites, the high field resonance 
at Ξ$ιΟΗ sites By monitoring the Ime intensities 
as a function of dehydration or hydration the 
kinetics of water adsorption at these two sites can 
be followed H-ZSVI-5 samples with different Si/Al 
ratios and ion exchange treatment behave 
differently on adsorption of water at Br^nsted 
acidic sites and silanol groups 
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Proton Magic Angle Spinning Nuclear Magnetic Resonance and Temperature 
Programmed Desorption Studies of Ammonia on the Acidity of the Framework Hydroxyl 
Groups In the Zeolite H-ZSM-5 and In H-Borallte 
K. F. M. G. J. Scholle, A. P. M. Kentgens, W. S. Veeman,* 
Department of Physical Chemtstry University of Nijmegen. Toernooweld, 6525 ED Nijmegen, 
The Netherlands 
P. Frenken, and C. P. M . van der Velden 
DSM—Central Laboratories 6160 MD Geleen The Netherlands (Received September 29 1983) 
The acidity of the framework hydroxyl groups of H-ZSM-5 and H-boralitc is investigated by means of proton magic angle 
spinning NMR and temperature programmed desorption of NH^ (NHj-TPD) The acidity decreases on going from Si-OH-AI, 
the Bronsted acidic site in H-ZSM-5 to Si-OH-B the Bronsied acidic site in H-boralite, to Si-OI I, the terminating hydroxyl 
group of the zeolite lattice (silanol group) The sequence is in agreement with the NHj TPD results 
Introduction 
Knowledge of the acidity of the framework hydroxyl groups 
is of great importance in catalysis by zeolites ' Several methods 
are used to determine the acidity of solids, e g , temperature 
programmed desorption of NM, (ΝΗj TPD),2 titration with 
(1) Ρ A Jacobs "Carbomogemc Activity of Zeolites" Elsevier Amster 
dam 1977 
(2) N Tops« К Pederscn and F G Derouane J Caiai 70,41 (1981) 
Hammett indicators,3 infrared spectroscopy,4 or 13C NMRS with 
the use of probe molecules Recently, 'H magic angle spinning 
NMR (MAS NMR) has been applied to the study of hydroxyl 
groups in zeolites67 and in silica gel8 Freude, Hunger, and 
(3) К Та па be "Solid Acid and Bases" Academic Pros New York, 1970 
(4) J Ward Adv Chem Ser No 101 380(1970) 
(5) H J Rauscher D Michel, D Dcimnger, and D Geschkc J Mol 
Catal 9 369 (1980) 
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Pfeifer* have shown for zeolites that the positions of the OH 
resonances in the NMR spectrum are related to the acidity of the 
proton In this report, the acidity of zeolite H-ZSM-5 and of 
H-borahte is compared by application of 'H MAS NMR and 
ΝΗ,-TPD 
Zeolite H-ZSM-5 was discovered by Mobil Oil and has po­
tential applications in the synthesis of gasoline from alcohols9,0 
Bora lites are crystalline borosilicates with zeolite-like structures 
In our case boralite has a zeolite ZSM-5-like structure, but because 
of its composition it is not considered to be a zeolite " 
The acidity can be defined as the residual charge of the hy­
drogen atom of the hydroxy! group or as the ease with which the 
proton can be dissociated12-13 (the Bronsted definition) The proton 
chemical shift is a measure of the screening of the proton nuclear 
spin by electrons and thus related to the proton acidity of the 
hydroxy! group The more acidic the proton, the lower the res­
onance field ' 4 In solids like zeolites, the proton line widths can 
be large due to dipolar couplings of the proton to neighboring spins 
('H, 27A1, 29Si, "B) and due to the amsotropy of the proton 
chemical shift The proton line width, therefore, has to be reduced 
by solid state NMR line narrowing techniques like multiple pulse 
sequences" and/or magic angle spinning 16 Due to an apparent 
local mobility of the protons, in our case magic angle spinning 
alone was sufficient to eliminate all line broadening due to an­
isotropic interactions like the dipolar coupling and chemical shift 
After the physically adsorbed water molecules were dissolved, 
the resulting spectrum, as reported earlier,6 7 consists of two N MR 
lines The low-field resonance signal is assigned to protons in 
Bronsted acidic sites (Si-OH-AI) and water molecules chemi-
sorbed at these sites The high-field resonance signal comes from 
protons of the Silano! groups (Si-OH) and water molecules around 
these groups By comparison of the chemical shifts of the reso­
nance signals an acidity sequence can be denved for the structural 
hydroxyl groups in H-ZSM-5 and H-borahle 
On the basis of the simple electrostatic valence model of 
Pauling17 this acidity sequence is discussed 
Experimental Section 
Preparation of the Samples The ZSM-5 sample (010277) was 
prepared according to a general method desenbed by a Mobil Oil 
patent " Synthesis and applications are described in recent 
literature ,9~22 In the synthesis of H-borahte a mixture of 112 6 
g of SiO; (Aerosol 200 by Degussa) in 1011 mL of 20% tetra-
propylammonium hydroxide (by Fluka) and of 23 4 g of H3BO3 
in 789 g of HjO was subjected to a hydrothermal treatment at 
150 "C in a Hastelloy-C metal autoclave for 8 days The obtained 
solid product was washed, dried, and calcined in air at 500 0 C 
(6) D Freude, M Hunger, and H Pfeifer, Chem Phys Leti, 91, 307 
(1982) 
(7) К F M G J Scholle, W S Veeman, J G Pat, and J H С van 
Hooff, Zeolites Э, 214 (1983) 
(β) H Roeenberger, H Emat, G Scheler, I Jünger, and R Sonnenberger, 
Ζ Phys Chem (Uipzig), 263, 846 (1982) 
(9) С D Chang and A J Silvestri, J Calai, 47, 249 (1977) 
(10) С R Morgan. Irut Eng Chem Prod Res Dev, 2·, 185 (1981) 
(11) D W Breck, 'Zarine Molecular Sieve", Wiley, New York, 1973, 
p47 
(12) S Beran, Ρ Jim, and В Wichicrlová, J Phys Chem, 85, 1931 
(1981) С Zhmng, W Zhengwu. Η Ruiyu. and Ζ Yala, J CoM/, 7», 271 
(1983) 
(13) Ρ A Jacobs, Catal Rev Sa Eng, M, 415 (1982) 
(14) H Roeenberger and A R Grimmer, Ζ Anûrg Allg Chem, 44», 11 
(1979) 
(15) U Haeberlen, "High Resolution NMR in Solids-Selective 
Averaging", Supplement 1, Academic Press, New York, 1967 
(16) E R Andrew, Prog Nuct Magn Res Spectrosc, B, 1 (1971) 
(17) L Pauling, "The Nature of the Chemical Bond", Cornell Univenity 
Press. New York. 1980 
(IB) US Paient 3702886, assigned to Mobil Oil 
(19) NL Paient 77 11299, assigned to Standard Oil 
(20) NL Patent 79-04909, assigned lo Snamprogetti spa 
(21) EP Patent 11900, assinged to Slamicarbon (DSM) 
(22) M Taramasso, "Proceedings of the Fifth International Conference 
on Zeolites". Rea, Ed , Hcydcn, London, 1980 ρ 40-8 
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Flgere 1. The Ή MAS NMR spectra of dried H-ZSM 5 (sample 
010277 vacuum dried for 9 h at 230 "C, number of transients ca 6000) 
and partly hydrated H borali le (vacuum dried for 15 h at 290 °C and 
subsequently contacted with water vapour for 15 mm number of tran­
sients ca 8000) The signal at ~ 0 ppm is due to an impurity in the 
spinner 
and used without further treatments for ion exchange X-ray 
diffusion measurements confirmed the crystalline character of all 
samples, which exhibited the typical diffraction pattern of zeolite 
ZSM-5 1β For the H-borahte sample the same symmetry as for 
ZSM-5 was found, but small differences in the unit cell dimensions 
exist Chemical analyses of the samples yield the following 
compositions H-ZSM-5 (010277), 5і02/А1гО, = 102, 
Na20/AI203 - 0 1 1 , H-borahte, Si02/B203 = 220, Na20/BaOj 
< 0 2 
TPD Techniques NHj-TPD measurements were carried out 
with a Perkin-Elmer TGS-2 thermobalance Adsorption of NHj 
on the samples was carried out at 50 e C with a 5 vol % NH, in 
He flow After saturation of the catalyst by NH3 the physisorbed 
material was removed by stripping with He at the adsorption 
temperature The chemically adsorbed material was removed by 
increasing the temperature at a heating rate of 10 "C/min and 
the amount was determined gravimctncally The results are 
presented in a difTerential mode From the TPD results adsorption 
enthalpies can be calculated by the method of Cvetanoviâ and 
Amenomiya 23 It will be clear, however, that the temperatures 
belonging to the peak maxima are representative of the adsorption 
enthalpy and, consequently, the acidity 
Procedures of Dehydration and Hydration for NMR Mea-
surements The procedures for hydration and dehydration of the 
samples were recently desenbed 7 
NMR Techniques the Ή NMR spectra were measured on 
a 180-MHz FT spectrometer 2* The samples were spun at the 
magic angle at frequencies up to 4 kHz in a cylindrical double 
air-bea ring KEL-F spinner 2 S The magic angle spinners were 
filled under an anhydrous nitrogen gas atmosphere in a glove box 
Results and Discussion 
'/ƒ MAS NMR of H-ZSM-5 and H-Borahte An untreated 
H-ZSM-5 sample gives one resonance signal right at the free H 2 0 
position due to the large amount of physically adsorbed water in 
the channels and at the outer surface of the zeolite After the 
sample was dehydrated, a two-line NMR spectrum is observed 
(sec Figure 1) As reported earlier,7 the low-field resonance signal 
(23) R J Cvetanovii and Y Amenomiya, Adv Catal Related Subjects, 
17, 103 (1967) 
(24) W S Veeman, E M Menger W Ritchey, and E de BOCF, Macro· 
molecules 12,924(1979) 
(25) Ρ A S van Dijk, W Schut, J W M van Os, E M Menger and 
W S Veeman, У Phys E, 13, 1309 (1980) 
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at ~ 6 ppm (relative to Me4Si) is assigned to protons in Bronsted 
acidic siles (Si-OH-AI) and waler molecules chcmisorbed at these 
sites The high-field resonance signal at ~ 2 ppm comes from 
protons of the silanol groups (Si-OH) and water molecules around 
these groups 
The absolute and relative intensities of the two resonances 
which depend on the amount of water adsorbed, are discussed in 
ref 7 Here wc want lo concentrate on the line positions, which 
show no dependence on the amount of adsorbed water It is 
well-known from liquid solution studies26 and from wide-line NMR 
studies of other 7eolile-water systems,77 Linde A and faujasites, 
that the protons of water adsorbed at an adsorption site and the 
proton of the adsorption site itself exchange very rapidly The 
chemical shift of such a fast exchange group, i, is given by28 
In + I Н з 0 In + 1 
with л the number of water molecules in the water cluster at the 
adsorption site, δ
Η ΐ
ο the chemical shift of free liquid water, and 
*ZOH lhe chemical shift of the adsorption site alone This clearly 
shows that in the presence of adsorption sites the water position 
{b) is shifted due to exchange -Aith a proton with a different 
chemical shift (¿/он) 
The sign of the shift, upfield or downfield, depends on whether 
¿ZOH ' s smaller than or greater than 5H j 0 The low-field resonance 
due to protons of and water molecules adsorbed at Bronsted sites, 
being at low field relative to the resonance of free H 2 0 , imme-
diately makes clear that the resonance of the bare Bronsted site, 
which we never observed, must be at lower field than the resonance 
of free water This is in contrast to the bare silanol group which 
should be found upfield from free water This demonstrates that, 
due to Us shift to higher field, silanol groups are considerably 
less acidic than Bronsted acidic sites, in agreement with other 
investigations ^29 Proton magic angle spinning NMR thus provide 
a clue for the study of acidity in zeolites 
Possible exchange between Bronsted sites in the pores and silanol 
groups is not taken into account here Fast exchange, at rates 
faster than the NMR time scale (τ - 1 ~ 700 Hz), does not occur 
since otherwise one coalesced signal would be observed Any slow 
exchange docs not change the arguments 
Another zeolite-like system whose proton spectrum can be 
compared to that of H-ZSM-5 is H-borahte An untreated 
H-boralite sample gives one resonance signal at the H 2 0 position, 
clearly due, as in the case of H-ZSM-5. to the phycially adsorbed 
water in the channels and at the outer surface Drying the sample 
reveals only one asymmetrical NMR signal consisting of at least 
two components The high-field component at —2 ppm, by 
comparison with H-ZSM-5 and silicalitc,7 can be attributed to 
the fast exchanging groups of protons of the water clusters at the 
silanol groups After adsorbing a certain amount of water the 
low-field component at ~ 3 5 ppm manifests itself more clearly 
(see Figure 1), this signal increases in intensity but does not shift 
as more water is adsorbed The low-field resonance signal is due 
to, as in the case of H-ZSM-5, the group of exchanging protons 
of the water cluster, and the proton of the Bronsted acidic site 
of H-borahte (Si-OH B) That the low-field resonance signal 
was not clearly observed after drying is probably caused by the 
high Si В ratio ( ~ 1 1 0 ) and the position of the line of the dehy­
drated Bronsted acidic site (vide infra) 
If we compare the chemical shifts of the low- and high-field 
resonance signals of H-boralite with those of H-ZSM-5 (see 
Figure 1 and Figure 2 in which, schematically, the shifts of the 
low-field resonance signals of both solid catalysts are drawn), then 
(26) R Ρ Dell "The Proton in Chemistry" Chapman and Hall 1 ondon, 
1973 
(27) See for instance Η Pfeifer, "NMR Basic Principles and Progress-
Grundlagcn und f-onschriite' Vol 7 p Diehl В Fluck, and R Kosfeld Ed 
Springer Verlag 1972 and reference, therein 
(28) H S Gulowsk> and A Saika, J Chem Phys, 21 168» (1953) 
(29) J С Védrine A Aroui V Bolis Ρ Dejaifve С Naccache Ρ 
Wierzchwoslti F G Derouane J В Nagy, J Ρ Gilson, J Η С von Hooff. 
J Ρ van den Berg, and J Ρ Wolthuizen J Catal, 59 248 (1979) 
Figure 2 A qualitative plot of the shifts (relative tu liquid water) of the 
resonance signals of the hydrated and bare Bronsted acidic sites m H-
ZSM 5 and H-borahte 
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Figur« 3. NHï-TPD graphs of H-ZSM 5 (010277) H-boralite and a 
crystalline silica silicalitc 
it can be seen that the chemical shifts of the high-field resonance 
signals (silanol groups) are the same but that the chemical shift 
of the low-field resonance signal of H - borali tc is shifted to higher 
field relative to the low-field resonance signal of H-ZSM-5 and 
to water 
Whatever the mechanism for the averaging of the chemical shift 
of the proton in the water cluster and the Bronsted acidic proton 
may be, simple exchange as assumed for eq I or a more com-
plicated process, it is believed to be true for both H-ZSM-5 and 
H-borahte that the resonance line of these protons will lie between 
the resonance value for free HiO and the resonance position of 
the dehydrated Bronsted proton The Bronsted resonance line 
for partly hydrated H-ZSM-5 lies at lower field than that of free 
НЮ, while the Bronsted line for partly hydrated H-boralite is 
found at a higher field than free H2O Consequently, the Bronsted 
line in dehydrated H-boralite (S1-OH-B) musi be found al a 
higher field than that of H-ZSM 5 (Si-OH-AI) (see Figure 2) 
This proves that (due to its shift to higher field) H-boralite is less 
acidic than H-ZSM-5 The exact nature of the line widths of 
the Ή N M R spectra will be dealt with in a future paper 
TPD Measurements The results of the NII3-TPD measure­
ments for H-ZSM-5, Η-bora lite, and a crystalline silicalite are 
shown in Figure 3 It is clear from this figure that most NHj 
desorbs at the same temperature for all three samples However, 
at temperatures above 573 К still some NH3 is adsorbed on 
H ZSM-5, in contrast to H-boralite and silicalitc This shows 
that in H-ZSM-5 sites are present which are more acidic than 
all sites in H-boralite Because the difference between H-ZSM-5 
and H-borahte consists of the At and В Bronsted sites, this implies 
that the H-ZSM-5 Bronsted site is more acidic than the H-
boralite Bronsted site This confirms the results from MAS Ή 
NMR 
Discussion As was concluded, the acidity of the hydroxy! 
groups decreases in the order Si-OH-AI, Si-OH-B, and SiOH 
This means that the bond strength (Bronsted definition) of the 
O-Η bond increases in the same order This indicates that by 
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Figure 4 The three types of framework hydroxy! groups Bronsted 
acidic sue in Η ZSM 5 (I) Bronsted acidic site in Η-bora hie (II) and 
silanol group (III) The four types of bonds are indicated as Si-O (—), 
O-H ( - - ) Al-O ( ) and В О ( - - ) 
replacing Al by В the Bronsted acidic sile has more silanol 
character 
The difference in bond strength between Si-OH-Al and SiOH 
can be understood on the basis of the qualitative electrostatic 
valence model of Pauling 17 In this model the bond strength, 5 
between the cation and each anion around it is defined as the 
charge (valence) on the cation, ?ZC, divided by the coordination 
number V 
-ZJV (2) 
and the charge of an anion, -eZ
v
 as the sum of the bond strengths 
of all bonds of the anion 
7, - Li, (3) 
The bond strength of the Si-O bond, 5(St-o) (see Figure 4), is then 
equal to 1 
According to eq 3 the charge on the oxygen atom of the silanol 
OH group is equal to the sum of the bond strength of the O-H 
bond S(0_H) and the Si-O bond S^x Q) 
Z 0 = 2 = .S^-o, + £(o-m (4) 
The bond strength of the O-H bond in the silanol group is then 
equal to 1 
A similar calculation can be followed for the Bronsted acidic 
site The bond strength of the Al-O bond in a letrahedral unit, 
^(AI о», AS calculated by eq 2, is equal to 3/4, and the charge on 
the shared oxygen, see Figure 4, is the sum of the three bond 
strengths S(s,-o). ^лі-О). and ^о-н) 
Ζ« = 2 » S, <Si-Ot + 5, (Al-O) + SíC (5) 
The bond strength of the O-H bond in a Bronsted acidic site is 
then 1/4, appreciably lower than the bond strength of the O-H 
bond m a silanol group, in agreement with our measurements The 
bond strength of the O-H bond of the Bronsted acidic site in 
H-boralite is, according to the same calculation, also 1/4 
However, as can be seen from eq 5, the bond strength of the O-H 
in borali te would increase if the ^в-о) bond strength decreases 
l l B and "Al NMR results seem to indicate that S(A[_o) indeed 
is greater than ^ ю ) ^ 3 1 Also, the Pauling electronegativity17 и 
difference between oxygen (EN = 3 5) and boron (EN = 2 0) 
is less than the difference between oxygen and aluminum (EN 
« 1 5), so that it can be expected that the bond strength SK% 0 ) 
is less than .S(Abû) Then according to eq 5, the bond strength 
of the O-H bond in the Bronsted acidic site of H-boralite will 
be somewhat greater than the one in H-ZSM-5, in agreement 
with our Ή NMR and ΝΗ,-TPD results 
Conclusions 
From NMR studies and temperature programmed NHj de-
sorption it is concluded that the Bronsted acidic site in H-ZSM-5 
is more acidic than in Η-bora hie, while these sites in turn are 
more acidic than the silanol group This acidity sequence can be 
understood by a simple electrostatic model 
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CHAPTER 6 
THE INFLUENCE OF HYDRATION ON THE COORDINATION STATE OF BORON 
IN H-BORALITE STUDIED BY 1 : L B MAGIC ANGLE SPINNING NMR* 
К.F.M.G.J. Schol le and W.S. Veeman 
Department of Physical Chemistry 
Faculty of Science 
University of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Abstract The effect of hydration and dehydration on 
the coordination of boron in H-Boralite is investigated 
by В magic angle spinning NMR. The experiments show 
that in hydrated Boralite the quadrupole interaction of 
boron is negligible, implying a highly syrmetrical 
electric field gradient around boron due to the four 
oxygens to which boron is tetrahedrally coordinated. 
In dehydrated samples a substantial quadrupole 
2 interaction (e qQ/h - 2.55 MHz, η = С) for boron 
found. This proofs that on dehydration the BO 
tetrahedron is severely distorted. The close 
agreement with quadrupole parameters of planar 
BO groups in borates and boron oxides suggests 
that in the distorted tetrahedron the boron atom 
is located in the plane between three oxygens. 
Accepted for publication in: Zeolites 
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Introduction 
Zeolites form an important class of shape-selective catalysts. 
27 1 
Previous Al NMR experiments on H-ZSM-5 and Na-ZSM-5 have shown that 
hydration of these zeolites affects the conformation and/or charge 
distribution around the aluminum atoms in the silicate framework. In this 
letter we want to report results of a similar study on H-Boralite, a 
zeolite with the same structure as ZSM-5 except that boron atoms are 
2 
substituted for silicon instead of aluminum . 
Experimental 
The H-Boralite samples (sample A: Si/B = 77, sample B: Si/B = 110) 
2 
were synthesized by DSM, Geleen. X-ray diffraction confirmed that both 
samples are highly crystalline with the ZSM-5 structure. Dehydration was 
-А о 
achieved by vacuum drying (10 torr) at 280 С for 30 hrs ("shallow bed" 
treatment). Hydration was performed at room temperature by exposure in a 
closed system to water. 
The magic angle spinning NMR experiments were carried out by straight­
forward 90 -pulse excitation in three spectrometers at the following 
frequencies 57.8 MHz (homebuilt 180 MHz spectrometer , 90 -pulse duration 
10 usee, repetition time 0.5 sec), 96.3 MHz (Bruker CXP 300, 90O-pulse 
duration 5 ysec, repetition time 0.5 sec) and 160.5 MHz on a Bruker AM 500 
by courtesy of Bruker Physik. 
To minimize rehydration, the spinners were filled under an anhydrous 
1 4 
nitrogen gas atmosphere in a glove box. H NMR measurements convinced us 
that rehydration through the spinner walls during the experiments is 
negligible. The boron signal of borontrifluoride etherate, ET 0.BF , was 
used as a reference. 
NMR of a quadrupolar nucleus 
The Hamiltonian for the interactions of a boron nuclear spin is: 
K.XZ+XQ + ^ (1) 
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where Ж represents the anisotropic nuclear Zeeman interaction in a 
. - . 11 
magnetic field B, X the interaction of the В nuclear quadrupole moment 
with electric field gradients outside the nucleus and 3C the dipolar 
interactions between the various spins. 
The quadrupole interaction is the most important interaction here 
because possible boron-proton dipolar interactions can be eliminated by 
proton decoupling and boron-boron interactions are unobservable. The effect 
of the anisotropic chemical shift is eliminated by magic angle spinning. 
The quadrupole interaction is a tensor interaction that can be defined by 
6 XX V V 
two parameters eq = V and η = — ^ — > where V . V , V are the 
zz \
 z z x x y y z z 
principal elements of a tensor describing the electric field gradient. 
For half-integer nuclear spins like B, the anisotropic quadrupole 
interaction causes a severe line broadening in solid state NMR spectra, 
except for the M = 1/2 «• -1/2 transition if the quadrupole interaction is 
small compared to the Zeeman interaction of the nuclear spin. It is easy 
to show that for the 1/2 -0--1/2 transition the quadrupole interaction 
contributes only in second- and higher-order perturbation theory . 
The effect of magic angle spinning on the quadrupole broadened 
1/2 •»•-1/2 transition has been described in the literacture , here we need 
only to mention the outcome of this description. Magic angle spinning 
yields a powder pattern with a characteristic shape determined by 
parameters ν and η. The spectrum therefore provides valuable information 
on the local symmetry around the quadrupolar nucleus. 
A formula for the frequency of the 1/2 ·» -1/2 transition due to 
second-order quadrupole interaction under magic angle spinning conditions 
has been derived by Kundla et al. and can be rewritten as: 
2 
vi /9 ι /9 = v7 - ΤΣ — { I (9* 1 )" 3 /9 } { A(a)cosVB(a)cos2e+C(a) } (2) 
where: ν = Zeeman frequency = -γΒ
η
(1 - σ.)/2π 
ν = quadrupole frequency = e Q V /h 
Α(α) = 7/2 - (7/3)ncos2a+(7/18)n2cos^2a 
Β(α) = -3+ (2/9)η2+ (8/3)ncos2a-(7/9)n2cos22a 
C(a) = 5/6- (l/3)ncos2a+ (7/18)n2cos22ci 
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and α and β are the polar angles of the spinning axes with respect to the 
principal axes of the quadrupole tensor. Singular points and discontinuities 
in the powder pattern are found when 
δν1/2,-/12 _ ÍVl/2,-l/2 
δα 
δβ 
(analytical expressions of these equations are given in ref. 7b,7c). Fig. ) 
shows the calculated patterns (with linebroadening) for η = 0, 0.2, 0.6 and 
1. The positions of the singular points of the powder pattern depend on the 
asymmetry parameter n of the field-gradient and the ratio of the quadrupole 
2 
frequency and Larmor frequency ν /v . A high ratio shifts the patterns to 
ч Ζ 
higher field (lower ppm value) and broadens the pattern more. This shift to 
7 8 higher field is called the quadrupole induced shift (QIS) ' . High static 
magnetic fields lower this ratio, the NMR pattern is narrowed and the QIS 
is reduced. The average position of the pattern is then shifted to lower 
field (higher ppm value) closer to the isotropic chemical shift of the 
nucleus under investigation. Therefore, the linewidth due to quadrupolar 
interaction decreases with magnetic field and the line position shifts to 
lower field (ppm). This is in contrast to a broadening due to a distribution 
of chemical shifts, a common source of line broadening in MAS NMR, which 
increases with field and remains at the same position (ppm). 
Fig. 1 Theoretical pattern of 
1/2 ** -1/2 transition of quadrupolar 
nuclear spin in a powder with fast 
magic angle spinning for different 
values of the asymmetry parameter η. 
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Fig. 2 В spectra of H-Boralite (sample A) as a function of water content 
at 96.3 MHz (number of transients 20,000). * indicate spinning sidebands, 
m the !JMR line of hydrated sites and V the quadrupole pattern due to 
dehydrated boron sites. 
Results and discussion 
Fig. 2 shows the Б MAS NMR spectra of H-Boralite (sample A) as a 
function of hydration. A fully hydrated H-Boralite gives one single line 
at circa -3 ppm with respect to ET O.BF with a width of 100 Hz at 57.8 MHz 
and 180 Hz at 96.3 MHz. The increase of linewidth with field indicates that 
a chemical shift distribution is the dominant line broadening mechanism for 
this resonance. For tetrahedral oxygen-coordinated boron, B0 , in borate 
5 9 8 . . . 
solutions ' and in the solid state , the chemical shift is around 0 ppm 
with respect to ET.O.BF.. Therefore we assign the resonance at circa 
-3 ppm to B0, units in the H-Boralite framework. Also the quadrupolar 
frequency for B0, units ' has been found to be quite low (v < 0.5 MHz), 
so that the sharp signal, reflecting a chemical shift distribution only, 
provides further evidence for this assignment. 
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Upon dehydration the intensity of the line due to BO units decreases 
and a second type of resonance, with a broad characteristic quadrupolar 
shape (indicated with V), is observed. Rehydration of the sample causes an 
increase of the intensity of the line of the BO, units, the original 
intensity is obtained again after 13 hours of water vapour exposure. This 
indicates that the process involved is reversible and is dependent on 
water. The broad resonance in (partly) dehydrated samples can be assigned 
to boron units with an increased quadrupolar interaction and an asymmetry 
parameter η of the field-gradient close to zero (compare to the theoretical 
powder spectra given in Fig. 1). In order to confirm this we measured a 
partly hydrated H-Boralite at different magnetic field strengths and 
simulated the experimental spectra with only two resonances. Fig. 3 shows 
the В MAS NMR spectra of a partly hydrated H-Boralite (sample A,B) as 
measured at 96.28 and 160.52 MHz. It shows that the doublet, marked with 
triangles in Fig. 2, is quadrupolar in nature, since the doublet is 
narrower at higher magnetic field strength. The relative intensities in 
sample В changed due to partial rehydration during shipment of this sample 
to Bruker Physik Karlsruhe. Spectrum D, Fig. 3, is from a later experiment 
of sample A in which only slight rehydration occurred. 
At 96 MHz proton decoupling had no effect on the linewidth of a static 
NMR spectrum or of a MAS NMR spectrum, not in the hydrated nor in the 
dehydrated case. This indicates that proton dipolar couplings are absent 
as in zeolite H-ZSM-5 . At 57.8 MHz the spectrum of (partly) dehydrated 
H-Boralite has been broadened so much due to the quadrupole interaction 
that no longer a recognizable shape could be observed. 
Also Fig. 3 clearly shows the effect of magnetic field on the 
quadrupolar induced shift. As pointed out earlier, at higher magnetic 
fields the average of the powder pattern approaches the isotropic chemical 
shift value. This shows that the chemical shift of the boron species 
responsible for the quadrupolar broadened line is higher (at lower field) 
than that of the BO, units responsible for the narrow line. The two 
1 1 
experimental В MAS NMR spectra in Fig. 3 were simulated with the values 
for the NMR parameters η, ν , σ. (isotropic chemical В shift) given in 
Table 1. The simulated spectra reproduce the main features of the MAS 
spectra well, and predict the effect of magnetic field strength. Some 
disagreement between experiment and simulation is probably due to flip angle 
12 
effects and improper phase setting of the spectra. 
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Fig. 3 В spectra of (partly) dehydrated Boralite (sample B) at 96.3 MHz 
(number of transients 25,000, 5.7 kHz magic angle spinning) and 160.5 MHz 
(number of transients 7,600). * indicate spinning sidebands. A: 
experimental spectra, B: simulated spectra with the values given in Table J 
and C: theoretical sub spectra. Spectrum D shows a later run of sarrple A 
(dried 40 hours, number of transients 225,000, repetition time 0.02 s, 
pulsewidth 2 \isec). 
Table 1 'JMH parameters used for fitting the experimental spectra. 
GLB (ppm) Rel. int. 
\>Q (MHz) η o¿ (ppm) 96.28 160.52 96.28 160.52 
BO 2.55 + 0.02 0 10 ± 1 4.6 1.29 20 0.48 
BO, 0 0 -3 ± 0.5 2 1.75 1 1 4 
a: Gaussian linebroadening at 96.28 and 160.52 MHz. 
b: Relative intensities of the BO. and BO. units. Notice the decreased 
3 4 
relative intensity of BO, at 160 MHz due to partial rehydration of 
sample B. 
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The values of the quadrupole parameters ν and η obtained from 
simulation of the spectra of Fig. 3 show that the boron units responsible 
for the quadrupole broadened line have a much lower symmetry than the BO, 
units discussed before. However, the value for η (η = 0) suggests that 
13 14 
still at least a three-fold symmetry axis is present ' . The values for 
the quadrupole parameters are very similar to those of planar BO-j units in 
borates ' (v ~ 2.5 MHz, η = 0 - 0.2) and boron oxides C' ' (ν ~ 
2.5 - 2.75 MHz, η = 0 - 0.2). We therefore assign the quadrupolar pattern 
to BO units which apparently come into existence by dehydrating H-Boralite. 
This change in oxygen coordination of boron might be understood by 
considering the scheme of Fig. 4. In hydrated H-Boralite the acidic proton 
+ . . 2 
Η is dissolved in a water cluster and physically somewhat removed from 
the -Si-0-В-О framework. Boron is then symmetrically surrounded by four 
oxygens and shows very little quadrupole interaction. Upon dehydration the 
acidic proton approaches the boron tetrahedron and disturbs the boron 
coordination. 
1 . 2 
From magic angle spinning Η NMR we found earlier that the Bronsted 
sites in dehydrated H-Boralite are less acidic than in H-ZSM-5 and in fact 
have an acidity more like that of a silanol group. This observation, 
together with the observations reported in this paper, suggest the 
following model. Suppose the acidic proton in dehydrated Borali te attacks 
H+(H2o)n 
О r\ η . fig· 4 The coordination 
\ . · / δ \ / ' " ' 0f boron in ¡l-Boralite, 
-S CL/ O CL: the influence of 
О 
hydration and b: model 
f>
 л
 1 v 
inHoO ^R^^ used for the calculation 
V x l\ / 0f the quadrupole 
(a) \ (b) ^Л/ frequency. 0 
\ 
s 
о' 
0 
κ 
ν 
А / χ 
в 
ι 
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H 
to the oxygen in the Ξ3ΐ-0-ΒΞ unit and forms a Ξ5ΐ-0 В: in which the 
B-0 bond is weakened and consequently the B-0 bond length increased. If 
this bond length is increased so much that boron, which is so small that 
it fits between three oxygens, becomes located between the three remaining 
oxygens of the original BO, tetrahedron, then boron is effectively trigonal 
surrounded like in ВО-. 
In an attempt to confirm this experimental result, the quadrupolar 
interaction of BO units has been calculated by two different models for 
the boron-oxygen bonding: a pure ionic bonding model in which the charges 
are concentrated on the atoms and a covalent bonding model in which the 
charge is localized between and on the nearly neutral atoms. In the case 
of pure ionic bonding the quadrupole frequency, ν , at the boron site in 
13 16 the BO unit, is given by ' : 
v
n = С - Y > -TT · { Sq.OcosV - D/r 3 } ( 
Q °° h · ι ι ι 
the charge of ion i, taken as -2 for oxygen, 
the distance of ion i with respect to boron, 
the angle of the boron-ion bond with respect to the 
threefold symmetry axis, see Fig. 4, 
γ : the Sternheimer antishielding factor for В : 0.142 , 
ι g —24 2 
Q: the quadrupole moment of boron : 0.0355 (10 cm )• 
For two angles θ (with respect to the threefold symmetry axis, see Fig. 4, 
planar θ = 90 and tetrahedral θ = 109.47 ) and a boron oxygen distance of 
я . 1 9 
1.35 A like in boronoxides , the quadrupole frequency has been calculated, 
see Table 2. Only the three oxygens near boron and the 0-H group of the 
silanol group (Si-OH) contribute to the quadrupole frequency. The 
contributions of ions in second and higher coordination spheres are 
20 . 2 
negligible, due to the tetrahedral bonding structure of H-Boralite . 
From Table 2 it is seen immediately that for a planar oxygen coordination 
the theoretical quadrupole frequency is in good agreement with the 
experimental one. This implies that in the model put forward to explain our 
experimental results, the boron indeed has to be close to the plane of the 
three oxygens (Fig. 4). 
with: q. ni 
r. 
ι 
Table 2 Caloulaied quaarupole frequencies, see text. 
Б0 in L-Soralite ''karges (/.U) on the atoms Quadrupole frequencies (Mhz) 
Ionic bonding Β 0 H 
θ = 90 
θ = 109.47 
+ 3 + 1 
ν ν ν
Λ
= ν + ν 
Β 0 3 OH Q Β 0 3 ОН 
2 . 5 9 - 0 . 1 6 ± 0 . 2 2 . 4 ± 0 . 2 
1 . 7 2 - 0 . 1 6 ± 0 . 2 1 . 6 ± 0 . 2 
ΰ(0Η)
 7 
orLnoboric 
acid 
Calculated charges (l-R)v (1-y )v. \) 
core
 œ
 latt Q 
Covalent 
KL К 
0.0 1.80 
1.0 1.80 
1.0 1.30 
Ionic 
1.883 -1.123 0.495 
0.283 -0.234 0.140 
0.355 -0.220 0.101 
+3 + 1 
-0.03 
2.27 
3.84 
0 
1.19 
0.23 
0.23 
(2.53. 
-0.47) 
1.16 
2.50 
4.07 
2.06 
a: charge on the proton of the silanol group. 
b: the indicated error is due to the uncertainty in the distance (4+1 A 
for B-Η and 3±1 Л for B-0) between the atoms of the silanol group and 
the boron atom in the BO, unit. 
c: crystallographic data taken from ref. 26, B-0: 1.36 A, 0-H: 0.88 A, 
В-0-Н angle: 114° and O-B-0 angle: 120°. 
d: lattice contributions of the three oxygens and three protons 
separately. 
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In the case of a covalent bonding model, the quadrupole frequency has 
been calculated by means of a semiempirical iterative extended Hückel 
21,22,23 
21 22 
1.CA0-M0 method ' . The theory of a quadrupole frequency calculation by 
means of this method can be found at several places in the literature 
In short, in this theory Lwo parameters can be varied, the parameter KL which 
reflects the influence of surrounding atoms on the diagonal matrix elements 
of the electron Hamiltonian and the parameter К which changes linearly the 
off-diagonal matrix elements of this Hamiltonian via the Wolfsberg-Helmholtz 
. 24 
relation . In this model the quadrupole frequency consists now of two 
parts: the valence contribution, ν and the lattice contribution v, 
r
 core latt 
The quadrupole frequency is equal to2^; 
v. = (1 - R)v + (1 - γ )v. (4) 
Q core » latt 
where R = 0.143, Sternheimer shielding factor for the boron p-orbital . Two 
22 23 
and three-center contributions ' to the quadrupole frequency are 
22 . . . 
neglected . In the case of ionic bonding the valence contribution is zero, 
since all charge is concentrated on the surrounding atoms. For computational 
reasons, molecular orbital calculations of solids arc normally restricted 
to small clusters. As a model for the BO, unit in H-Boralite we have chosen 
1117 
B(0H) , for which ν = 2.56 ± 0.02 MHz ' is almost equal to the ν of 
BO in H-Boralite (2.55 MHz). Therefore we believe that B(0H) is a good 
model for the BO unit in H-Boralite. The results of our calculations for 
a set of values for the parameters KL and К are presented in Table 2. It 
can be concluded that both an ionic model and a covalent model can account 
for the quadrupole frequency in B(OH-). The quadrupole frequency as 
calculated by the ionic model, is higher in the case of the BO unit in 
H-Boralite than in B(OH), (Table 2) due to the proton contribution in B(0H„). 
In the literature it can be found that in many compounds the boron-oxygen 
bond is dominanlly covalent ' ' ' From our calculations we cannot 
decide on the character of the boron-oxygen bond. Both approaches (ionic 
vs. covalent) can give a satisfactory agreement with experiment. 
The main conclusion of this work is that on dehydrating H-Boralite 
the highly symmetric BO, tetrahedron distorts to much lower symmetry. The 
agreement between the experimental quadrupole parameters of dehydrated H-
Boralite and experimental values for these parameters for planar BO, groups 
44 
in borates and boron oxides and the outcome of simple electrostatic 
calculations for the quadrupole interaction, suggest that the effective 
coordination of boron changes from four to three. 
27 
In H-ZSM-5 we also found a quadrupole broadening of the Al 
resonance upon dehydration but there the situation is different from H-
Boralite. No threefold symmetry axis remains around Al in dehydrated H-ZSM-5 
because there the quadrupole parameter η ~ 1. In H-ZSM-5 it seems that the 
aluminum-oxygen tetrahedron is only somewhat distorted. 
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Effect of Hydration on the Local Symmetry around Aluminum In ZSM-5 Zeolites Studied 
by Alumlnum-27 Nuclear Magnetic Resonance 
A. P. M. K«nlg«n, K. F. M. G. J. Scheue, and W. S. млівп' 
Department of Physical Chemtstry, University of Щтедвп, Toemooivetd. 6525 ED Щтедеп. The Netherlands (Received June 8, 1983) 
The effect of hydration and dehydration on the electric field gradient at the ^Al nucleus in ZSM-5 zeolites 
is investigated by magic angle spinning NMR at three different magnetic field strengths The experiments 
show that dehydration causes an increase of the πΑ1 NMR Ime width due to an increased quadrupole interaction 
The dehydration therefore causes a redistribution of electric charges and/or a conformation change of the 
aluminum-omygen tetrahedra. The Utter possibility seems to be most important since the effect is cation 
dependent, aa shown by resulta on Na-ZSM-5 and H-ZSM-5 Similar effects have been observed for faujasite 
Η-Y and amorphous SÌO2/AI2O3. 
Introduction 
Zeolites are crystalline aluminosilicatea composed of 
ailicon-oxygen and aluminum-oxygen tetrahedra. The 
negative charge of the aluminum-oxygen tetrahedra is 
neutralized by cations like Na+ or H+ . All zeolites display 
catalytic activity but especially the class of zeolites denoted 
by ZSM-5 has received much interest recently due to its 
unique catalytic properties.1 
Magic angle spinning proton NMR of H-ZSM-5 showed 
that at low water content two resonances are present, ar-
ising from water molecules chemisorbed at the Bronsted 
acidic site (Si-OH-Al) and from water molecules adsorbed 
at silanol groups, the terminating Si-OH groups at the 
surface of the crystallites.2 It is believed that water 
molecules adsorbed at the Bronsted sites form clusters with 
the acidic proton: НЧНгО),, where η is of the order of 2.3 
Hydration and dehydration of H-ZSM-5 therefore is ex­
pected to slightly alter the position of the H + proton and 
consequently change the conformation of and the charge 
distribution around the aluminum-oxygen tetrahedron. 
Aluminum has a nuclear spin 6/2 and therefore a nuclear 
quadrupole moment which can interact with an electric 
Held gradient at the site of the nucleus caused by sur­
rounding ions. For a perfect tetrahedra! surrounding of 
(1) J Ρ van den Berg, Thesis, Eindhoven, The NeUierlanda. 1981, Ρ 
В Weiez, Hure Appi Chem , 52, 2091 (1980), S M Cêicaery in -Zeolite 
Chemiatry and Catalysis", J A. Rabo, Ed , American Chemical Society, 
Washington, DC, 1976, .4CS Monogr , No 171, ρ 680 
(2)(a)D Freude. M Hunger, and H Pfeiffer, СЛет Phys Lett, 91, 
307(1982), (b) К F M G J Scholle. W S Veeman, J G Post, and J 
H С. van Hooff. Zeolites. 3, 214 (1983). 
(3) H Nakamoto and H Takahashi, Zeolites, 2.67 (1982), D H Olson, 
W О Haag, and R M Lago, J Cotai, 61, 390 (1980) 
aluminum by four oxygens, the electric field gradient is 
zero. Any distortion of this tetrahedron, however, should 
cause a field gradient at aluminum and consequently a 
quadrupole interaction of the aluminum nuclear spin. 
In this letter we report results from magic angle spinning 
NMR of aluminum in Na-ZSM-5 and H-ZSM-5 which 
show unambiguously that hydration and dehydration af­
fect the conformation of the aluminum oxygen tetrahedra. 
Similar experiments on amorphous SiC^/A^Oj and fau­
jasite Η-Y show the same phenomenon, except that for 
aluminum in octahedral sites, present in amorphous 
SÍO2/AI2O3, hydration or dehydration has no detectable 
effect on the field gradient at the aluminum nucleus. 
Experimental Section 
The Na-ZSM-5 (Si/Al ratio 40) and H-ZSM-5 (Si/Al 
ratio 15) were donated by DSM, Geleen, faujasite Η Y 
(Si/Al ratio 2.5) and the amorphous SiOs/AljOj (HA HPV, 
Si/Al ratio 2.4) are commercial samples from Union 
Carbide and AKZO Nederland, respectively. Dehydration 
of the samples was achieved by vacuum drying (10~2 torr) 
at temperatures between 200 and 400 "C ("shallow-bed" 
treatment). To prevent rehydration, spinners are filled 
under an anhydrous nitrogen gas atmosphere in a glovebox. 
'H NMR measurements2 1 1 revealed that rehydration 
through the spinner walls during the experiment is neg­
ligible. Hydration was performed at room temperature by 
exposing the material in a closed system to a small con­
tainer with water. 
The magic angle spinning aluminum NMR experiments 
were earned out by straightforward 90°-pulse excitation 
in three different spectrometers: a Bruker CXP 300 (сщ 
= 78.2 MHz; 90° pulse duration, 5 jis; repetition time, 0.2 
48 
β), a home-built 180-MHz epeclromeWr (
 и
 = 46 9 MHz; 
90° pulse duration, θ μβ, repetition time, 0.5 β), and a 
home-built 60-MHz spectrometer (сд, = 15.6 MHz; 90° 
pulse duration, β μβ, repetition time, 0.5 s). The repetition 
times give full relaxation because T, values are of the order 
of 10 ms. For all three spectrometers the same spinner 
was used, a cylindrical Delrin spinner supported by two 
air bearings.' A spinning frequency of ~ 3 kHz proved 
to be sufficient. 
Magic Angle Spinning NMR of a Quadrupolar 
Nucleus 
Aluminum nuclear spins in an aluminoeilicate are sub­
jected to three anisotropic mteactione: dipolar interactions 
with neighboring nuclei like Ή and ^Si, interaction of the 
nuclear quadrupole moment with electric field gradients, 
and the anisotropic chemical shift interaction. Of these 
three interactions the quadrupole interaction will prove 
to be the moat important for our experiments. A discus­
sion of the effect of magic angle spinning on the NMR 
spectra of quadrupolar nuclei can be found at several 
places in the literature^ Here we want to mention only 
the outcome of these theories. 
For half-integer nuclear spins like "Al, the anisotropic 
quadrupole interaction causes a severe line broadening in 
solid-state NMR spectra, except for the m = '/2 ** m = 
-'/2 transition if the quadrupole interaction is small com­
pared to the Zeeman interaction of the nuclear spin. It 
is easy to show that for this '/2 ** " '/2 transition the 
quadrupole interaction contributes only in second- and 
higher-order perturbation theory.6 In practice, therefore, 
only this transition is observed in solid samples, showing 
a characteristic powder pattern depending on the value of 
the asymmetry parameter τ;;T magic angle spinning reduces 
but does not eliminate the width of this powder pattern. 
A formula for the frequency of the '/2 ** _ l / i transition 
under fast magic angle spinning conditions has been de­
rived by Kundla et al.9 b and can be rewritten as 
••і/г-і/г " », -
^ ~\НІ + 1) - l\\A(a) cos 4 β + Β(α) cos2 β + C(a)| 
(1) 
where 
», = -УВ0(1 - σ,)/2τ 
»q - 3e2qQ/\2H2I - l)/i| 
A(a) = % - '/, η cos 2a + (Т/Шт,2 cos2 2« 
B(a) = -3 + %ч2 + %η cos 2a - 7/9τ,2 cos2 2a 
C(a) = % - '/¡и cos 2a + (7/18)i,2 cos2 2a 
and a and β are the polar angles of the spinning axis with 
respect to the principal axes of the quadrupole tensor. 
Singular points and discontinuities in the powder pat­
tern are found when θ»ι/4_ι/2/Λι = ¿»1/2.-1/2/^ = 0. Figure 
(4) Ρ A S van Dijk, W Schut, J W M van Ο·, Ε M. Мегщег, and 
W S Veeman, J Phyt E, 13, 1309 (1980) 
(5) (a) M Maricq and J S Waujh. J Chem Phyt, 70, 3300 (1979), 
(b) E. Kundla, A Samoeon, and E Lippmaa, Chem Phys Uli., 83, 229 
(1981), (с) A Samoaon. E Kundla, and E Lippmaa, J Magn Resort, 49. 
350 (1982). (d) S Ganapathy. S Schramm, and E Oldfield, J Chem 
Phy> , 77, 4360 (1982) 
(6) A Abraham, "The Principles of Nuclear Magnetiim', Olford 
Univeraity Press, London, 1961 
(7) J F Baucher, Ρ С Taylor, Τ Oja, and Ρ J Bray, J Chem Phyi, 
S«, 4914 (1969) 
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Rgve 1. Theoretical Ine shape of Vj —» -V2 transition of qtrafrupolar 
nuclear spin In a powder with fast magic angle spinning for different 
values of the asymmetry parameter η. A - -{\IW!Hi>J/i>Al(l + 1) 
HYDRATED DEHYDRATED 
Figure 2. "Al spectra of H-ZSM-5 at three different magnetic fields 
at 78.2. 46.9. and 15 6 MHz with 3-kHz magic angle spinning AH 
spectra are obtained at room temperature The hydrated spectra are 
Ihe resiit sf 10000 (at 76 2 MHz). 130000 (at 46 9 KWz). and 350000 
(at 15 6 MHz) fid's The spectra of the dehydrated material needed 
250000 (at 76 2 MHz) and 160000 (at 46 9 MHz) fid's. At IS 6 M-tz 
no signal was obtained of the dehydrated material after 750 000 fid's. 
1 shows the pattern for 17 = 0, η = 0.75, and 4 = 1 . 
Equation 1 shows in addition that the width of powder 
pattern decreases with magnetic field. Therefore, when 
in an experimental situation it is found that the line width 
of a line decreases with field, then this pointa to the ex­
istence of quadrupole broadening. This is in contrast to 
a broadening due to a distribution of chemical shifts, a 
common source of line broadening in magic angle spinning 
NMR, which increases with field. 
Results and Discussion 
Figure 2 shows "Al spectra of H-ZSM-5 at three dif­
ferent frequencies for the hydrated and dehydrated form. 
For the hydrated samples the line width first decreases 
from 550 Hz at 78.2 MHz to 400 Hz at 46 9 MHz and then 
remains constant at 15.6 MHz. The initial decrease of this 
line width with field shows that for the hydrated samples 
quadrupole broadening is certainly not the most important 
factor determining the line width at 78.2 MHz. As the 
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Flgwe 3 3ΤΑΙ spectra of Na-ZSM-5 as a function of water content 
at 78 2 MHz All spectra represent 25 000 fid s and are obtained with 
3-kHz magic angle spinning 
chemical shift anisotropy is eliminated by magic angle 
spinning, the initial decrease of the line width has to be 
due to the fact that the line width is caused by a distri· 
button of 27A1 chemical shifts Only at the lowest fields, 
where the chemical shift distribution in frequency units 
is small, does the quadrupole broadening become impor­
tant At frequencies below 15 MHz the line width is ex­
pected to increase again 
For the dehydrated samples, however, the situation is 
very different Figure 2 shows that the bne width increases 
from 1100 Hz at 78 2 MHz to 1700 Hz at 46 9 MHz to 
undetectably broad at 15 6 MHz Dehydration clearly 
makes the ^Al line broader, by a factor 2 at 78 2 MHz, by 
a factor 4 at 46 9 MHz, and by a much larger factor at 15 6 
MHz The field dependence of the line width shows that 
quadrupole interaction is the dominant factor determining 
the line width in the dehydrated samples Clearly, dehy­
dration causes a strong increase of the quadrupole inter­
action 
By comparing the experimental line shapes to the the­
oretical shapes of Figure 1, one can conclude that the 
resulting electric field gradient at aluminum is highly 
asymmetric (no separat« quadrupole pairs are observed) 
At this point we should mention that proton decoupling 
during acquisition of the Al free induction decay does not 
affect the Al NMR line width, not in the hydrated case 
nor in the dehydrated situation Dipolar interaction be­
tween protons and Al apparently is so weak that it can be 
eliminated by magic angle spinning alone 
Figure 3 displays rAl spectra of Na-ZSM 5 as a function 
of the water content These spectra show not only a line 
at 53 ppm but in addition lines at 65, 5, and -1 ppm 
(relative to A1(H20)63+) The aluminum coordination can 
be determined on the basis of these chemical shift data * 
The line at 53 ppm of four coordinated Al is attributed 
to Al in the ZSM-5 lattice The narrow line at -1 ppm 
originates from six-coordinated Al, presumably A1(H20)63+ 
in the pores The broader Imes at 65 and 5 ppm, from four-
and six coordinated aluminum, must be due to an impurity 
or lattice defects Because of the resemblance of these lines 
with spectra of AljOj' this might be an aluminum oxide 
impurity X-ray analysis of this sample, however, did not 
reveal any impurity, presumably because the disordered 
regions are very small Recently the existence of Al rich 
non-zeolite material, which could not be detected by X ray 
(8) D MuUer W Getaner H J Behrens and G Scheler Chem Phys 
Lett 79 59 (1981) 
19) (a) V M Maslikhin Ο Ρ Krivoruchko Β Ρ Zolotovsltii and R 
A Buyanov React Kmel Catat leti 18 117(1981) (b) С S John N 
С M Alma and G R Haye Appi Catal 6 341 (19Θ3) 
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Figure 4 27AI spectra of amorphous SiCVA^O;, at 76 2 MHz with 
3-kHz magic angle spinning The spectrum of the hydrated form 
represents 25 000 fid s and that of the dehydrated form 50 000 fid s 
diffraction, is also reported by Hughes et al "> 
When the sample is dried at 250 "C, the tetrahedral Al 
line at 53 ppm collapses, hydration for a variable length 
of time makes this line slowly appear again In the de­
hydrated sample, evidently, the quadrupole interaction 
becomes so strong that the tetrahedral Al line of the 
genuine ZSM-5 aluminum becomes too broad to be de 
tectable, even at 78 2 MHz Apparently, the increase of 
quadrupole interaction on dehydration is much stronger 
for Na-ZSM-5 than for H-ZSM 5 Dehydration of the 
Na-ZSM 5 sample has no effect on the broad lines at 5 
and 65 ppm, the narrow line at -1 ppm disappears and 
does not come back at hydration 
The same experiments were carried out on faujasite H-Y 
and amorphous SiOj/AljOj For faujasite Η-Y the situ­
ation is just the reverse of that for ZSM 5 the Al line 
width of the hydrated sample increases on going to the 
lower frequency (750 Hz at 78 2 MHz, 1350 Hz at 46 9 
MHz) Apparently, even in the hydrated form there is 
already a considerable broadening due to quadrupole in­
teraction, showing the existence of distorted tetrahedra 
This distortion may be inherent to the structure which is 
different from H-ZSM-5, and possibly due to the presence 
of aluminum in higher coordination spheres (faujasite H-Y 
has a Si-Al ratio of 2 5') On dehydration the faujasite 
H-Y Al line width at 78 2 MHz increases to 1800 Hz, 
showing a considerable extra distortion around aluminum 
Figure 4 shows the "Al spectrum of amorphous S1O2/ 
АІ20
Э
 at 78 2 MHz for hydrated and dehydrated material 
Only the peak at ~52 ppm from tetrahedrally surrounded 
aluminum broadens on dehydration, indicating that strong 
chemisorption of water takes place only at the tetrahedral 
sites, not at octahedrally coordinated aluminum 
As a conclusion of this work we can then state that in 
both Na-ZSM-5 and H-ZSM-5 dehydration causes a low­
ering of local symmetry around aluminum as evidenced 
by the increase in quadrupole interaction of aluminum 
This increase is cation dependent Similar effects are 
observed in faujasite H-Y and amorphous ЗіОг/АІгОэ On 
the crucial question of what precisely causes this lowering 
of local symmetry, we can at this moment only speculate 
As mentioned in the Introduction it is believed that in 
(10) A E Hughes К G Wilahier В A Seiton, and Ρ Smart, J 
СаЮІ 80 221 (1983) 
hydrated material the cation forme a cluster with water 
molecules On dehydration the cation presumably comes 
nearer to aluminum This causes a change in the distri­
bution of charges around aluminum and possibly a dis­
tortion of the aluminum-oxygen tetrahedra. Both effect«, 
the change m charge distribution and distortion of the 
tetrahedron, can give nee to an increase electric field 
gradient at the aluminum nucleus However, from the 
observation that the increase in quadrupole interaction on 
dehydration is stronger for Na-ZSM-5 than for H-ZSM-5, 
we tend to believe that the distortion of the tetrahedra is 
more important for the increased electric field gradient 
than the redistribution of charges, although of course the 
latter effect may induce the local distortions 
In the case of dehydrated H-ZSM-5 it is often indicated 
that the H* ion exists in a Al-0 H* band For a perfect 
tetrahedron with an Al-0 distance of 1 59 A and an O-H 
distance of 1 A, the dipolar interaction between Al and H 
would give rise to a broadening of the Al NMR line of 2300 
Hz Such a broadening, however, is not observed, sug 
gesting either that the Al-H* distance is much larger or 
that the H* ion is mobile 
Finally, we want to comment on the statement made 
earlier in this paragraph that in hydrated H-ZSM-5 the 
"Al line width is caused by a distribution of 2"AI chemical 
shifts Preliminary 27A1 spin-lattice relaxation (TV ex 
perimento clearly reveal several species with distinct T, 
values and distinct chemical shift Further investigations 
are needed to establish the origin of these different 27A1 
sites which together form the line shapes discussed in this 
paper 
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Alumlnum-27 Magic Angle Spinning Nuclear Magnetic Resonance Studies of Zeolite 
TPA-ZSM-5 as a Function of Crystallization Time 
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6525 ED Nijmegen. The Netherlands 
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The observation of several distinct aluminum tetrahcdral sites in zeolite TPA-ZSM-S by 1TAI NMR al 130 MHz is reported 
The distinct aluminum sites in TPA-ZSM-S are induced by the presence of the tetrapropylammonium cation (TPA) molecules 
Introduction 
The shape-selective siliceous zeolite ZSM-5 is of great im­
portance for the petrochemical industry Zeolite ZSM-5 has been 
investigated extensively by 27AI and 29Si magic angle spinning 
(MAS) NMR The !»Si MAS NMR spectra reveal several 
distinct silicon tetrahcdral sites in the framework, ' ^ in contrast 
to 27AI MAS NMR in which only one broad resonance has been 
observed 4 * Only for silicalite, a material with a structure 
analogous to ZSM-S, there was some indication that two distinct 
( I ) Thomas J M Khnowski J Ramdas S , Hunter В К , Tennakoon, 
D Τ В Chrm Phys Uu IMI 102 ISS 
(2) Boihoom G Kotlbcck A G Τ G Hays G R , Alma, N С M 
Ztohus 14*4 4 15 
(J) Fyfe С A Gobbi G С Khnowski J Thomas, J M Ramdas, S 
Salure (London) 1982 296. 530 
(4) Fyfe С A Gobbi G С Hartman J S Klmowski 1 Thomas J 
M J Phys <ktm 1982 S« 1247 
(5) Kcnlgens А Р М Scholle К F M G J Veeman. W S / Fkys 
Cllem 1M3 І7 4357 
aluminum tetrahedral sites are present1 We studied the crys­
tallization of the zeolite TPA-ZSM-5 as a function of time by 
"Al MAS NMR at two frequencies, 78 2 and 130 3 MHz The 
resolution of the 130-MHz spectra is so much better that different 
aluminum tetrahedral sites have been observed for the first time 
in a TPA-ZSM-5 zeolite 
ExperlmeiUl Section 
The TPA-ZSM-5 samples (A = 0 5, В = 1, С = 3, D = 8 days 
of crystallization) were prepared according to a general method 
described by a Mobil Oil patent 6 Infrared spectroscopy, 29Si 
MAS NMR, " С CP MAS NMR, and X-ray diffraction con­
firmed that the crystallinity of the samples increases with crys­
tallization time and that the TPA-ZSM-5 sample D has the 
highest crystallinity and a Si/AI ratio of 12 5 
Synthesis conditions, chemical analysis, and the results of the 
above-mentioned spectroscopical techniques will be published in 
(6) U S Patenl 3 702 886, assigned lo Mobil Oil 
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C R V S T A L L I Z A T I O N 
_1_ 
100 0 PPM 
H f « 1. "Al MAS NMR ipcctra of TPA-ZSM-S ω a function of tbc 
crysullizBtion Um« rt 7Θ 2 MHz (number of transients ca 3000) 
_ 1 _ 
Λ-615 
100 0 PPM 
Π | β ΐ 2. "Al MAS NMR spectra of TPA-ZSM-5 as a function of the 
crystallization time at 130 3 MHz (number of transients cs 1500) Stan 
indicate spinning side bands 
detail elsewhere Here we want to concentrate on the "Al MAS 
N M R spectra only 
100 0 PPM 
Flf»re3. "Al MAS NMR spectra at 130 3 MHz of H-ZSM-11, H-
ZSM-S, and TPA-ZSM S, sample D (number of transients ca 1500) 
Stars indicale spinning side bands 
The "Al spectra have been measured by straightforward "90°" 
pulse excitation at 78 2 (pulse duration 5 μ&, relaxation delay 0 2 
s, Brukcr CXP 300) and 130 3 MHz (pulse duration 10 «is, re­
laxation delay 0 3 s, Bruker WM 500) For the Bruker CXP 300, 
Andrew type Delnn rotors7 have been employed with a spinning 
frequency of ca 3 kHz For the Bruker WM 500, a homcbuilt 
single-frequency tunable probe has been used This probe em­
ployed a cylindrical KEL-F rotor8 with a spinning frequency of 
ca 1 3-2 6 kHz Chemical shifts are referenced to an aqueous 
solution of A1C1] Proton decoupling had no effect on the line 
width of the "Al spectra at 78 2 MHz, so that also at the higher 
Held (130 3 MHz) no proton decoupling is used Magic angle 
spinning alone is sufficient to eliminate all possible line broadening 
due to the protons of TPA 
Results and Dlsciask» 
The 78-MHz 27AI MAS N M R spectra (Figure 1) of TPA-
ZSM-5 as a function of crystallization time show a single reso­
nance Only in the case of the 8-days sample there is some 
indication of a second aluminum tetrahedral site The line width 
of the resonance decreases going to longer crystallization times 
This decrease in line width of the resonance means an increasing 
homogeneity of the sample The 27A1 spectra at 130 3 MHz 
(Figure 2) of the same samples show more structure For crys­
tallization times shorter than 8 days two resonances arc observed 
at ca 70 and ca 61 ppm for sample A, ca 67 and 58 ppm for 
sample B, and ca 58 ppm for sample С The г7А1 spectrum of 
the 8-days sample (D) reveals at least three aluminum tetrahedral 
sites at ca 60, 53, and a shoulder at 55 ppm The Al site which 
resonates at ca 70 ppm disappears during crystallization After 
3 days of crystallization three resonances are observed instead of 
one at ca 58 ppm 
(7) Andrew, E R , Farnell L F . Firth. M Olcdhill Τ D Roberls I J 
Magn Rrson \W*. I, 27 
(8) Wind, R A , Anthonio. F E, Duijventstijn, M J Smidt J , Trommel, 
J , de Vette. G M С У Magri Resoti 1983 52, 424 
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It is evident from the spectra measured at 78 2 and 110 3 MHz 
that 27A1 MAS NMR studies should be undertaken at the highest 
field possible " 
At present the most important conclusion is that distinct alu-
minum tetrahedral sites are observed at 130 3 MHz 
The increased resolution at higher field indicates that the in-
dividual resonances are quadrupole broadened, since quadrupole 
broadening decreases with field s Comparison of the spectra at 
78 2 and 130 3 MHz also shows thai the "chemical shift" increased 
ca. 4-5 ppm at higher field 
The position of the resonance of a quadrupolar nucleus is known 
to be determined by both the isotropic chemical shift and the 
quadrupole induced shift (QIS), the latter decreases with field ' 
The apparent increase in chemical shift (4-5 ppm) therefore also 
demonstrates that there is a contribution of a quadrupole inter-
action to the individual resonances The gam in resolution at the 
higher field therefore can also be partly due to this field-dependent 
QIS 
Figure 3 shows the 27A1 spectra at 130 3 MHz for H-ZSM-11, 
H-ZSM-5, and TPA-ZSM-5 (8-day sample) No distinct tet-
rahedral sites are observed in the calcined samples The resonance 
at ca 15 ppm is due to octahedrally oxygen coordinated alu-
minum s The chemical shift of aluminum in H-ZSM-11 and 
(9) Schramm, S , OWfield, E J Chem Soc , Chem Commun 1982, 980 
Ganapathy, S , Schramm, S . Oíd Held, F J Phys Chem 1982, 78 4360 
H-2SM-5 lies between the resonances of TPA-ZSM-5 Therefore 
we attribute the observation of distinct aluminum sites in TPA-
ZSM-5 as due to the effect of the tetrapropylammomum cation 
This cation is occluded in the channels and ma> affect the chemical 
shift of the aluminum sites in the framework 
A similar effect has been observed for the TPA molecule itselfl0 
The l3C resonance of the methyl endgroup of ΤΡΛ is split into 
two This has been tentatively ascribed to the influence of the 
two different types of channels in ZSM-5 on the I JC chemical 
shift of TPA 
More work is necessary to give a detailed explanation why and 
how the TPA molecules induces the inequivalence of the aluminum 
sites 
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CHAPTER 9 
ALUMINUM-27 MAGIC ANGLE SPINNING NMR STUDIES OF 
ZEOLITE TPA-ZSM-5* 
K.F.M.G.J. Scholle and U.S. Veeman 
Department of Physical Chemistry 
Faculty of Science 
University of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
27 Abstract The observation by Al MS NMR of 
distinct alimrinvm tetrahedral sites in TPA-ZSM-5 
in contrast to Na, H-ZSM-S is related to the 
TPA/Al ratio in zeolite TPA-ZSM-5. For TPA-ZSM-5 
27 
with a TPA/Al ratio > 1 only one Al resonance 
is observed at 53.5 ppm. In the case of a TPA/Al 
27 
ratio < 1 an additional Al resonance is 
observed at 60.0 ppm, due to hydrated sodium ions 
needed for the neutralization of AIO tetrahedrons 
not charge compensated by TPA . 
* Submitted to: J. Phys. Chem. 
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Introduction 
In the course of our multinuclear magic angle spinning (MAS) NMR 
studies of zeolite ZSM-5, we reported the observation of distinct aluminum 
tetrahedral sites in the framework of a zeolite TPA-ZSM-5 with high 
27 
aluminum content (Si/Al = 12.5), by means of high field (130.3 MHz) Al 
MAS NMR . 
Here we show that the observation of distinct aluminum tetrahedral 
sites in TPA-ZSM-5 is related to the TPA/A1 ratio and is not due to the 
influence of the tetrapropyl ammonium (TPA) cation on the chemical shift 
of the aluminum sites in the framework alone, as tentatively proposed in 
1 
our previous paper . 
Experimental 
Two TPA-ZSM-5 samples, A and B, were prepared according to a general 
. 2 
method described by Mobil Oil . Half of the material of these samples is 
calcined at 525 С in air ("shallow-bed" treatment), for circa 16 hours. 
X-ray diffraction confirmed the crystallinity of all samples because they 
2 
exhibit the typical diffraction pattern for ZSM-5 zeolites . The Si and 
Al contents of the samples were determined by means of X-ray fluorescence 
with a Philips PW 1450 X-ray system, the Na content by atomic absorption 
with a Varían AA6D spectrometer and the carbon content was determined by 
oxidizing carbon to C0_ and (acid-base) titration in pyridine with 
(C H ) NOH, thymol blue served as indicator. The results of the chemical 
analyses are given in Table 1. The main difference between sample A and В 
is the Si/Al ratio. 
Table 1 Composition of samples 
sample Si/Al Να/Al TPA/Al atomic ratios 
A 1A0.0 2.6 6.4 
В 12.5 0.74 .0.33 
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Sodium ion exchange of sample С (= calcined sample B) was performed 
in two steps. At first, 1 g of calcined sample В was dissolved in 5 ml. of 
a 1 weight % NH Cl/H 0 solution, and stirred for half an hour. After 
decanting this procedure was repeated three times. This NH,-ZSM-5 product 
was transformed into Na-ZSM-5 by a similar treatment with 1 weight % 
NaCl/H 0. The Na-ZSM-5 product was washed (chloride free) and dried overnight 
(110 C). Finally, the sample was rehydrated at room temperature before the 
MAS NMR measurements. Due to the ion exchange treatment the amount of 
23 
sodium increased circa 1.6 times as measured by high field Na MAS NMR 
(132.3 MHz). Dehydration of the TPA-ZSM-5 samples was achieved by vacuum 
drying (10 torr) for АО hrs at 230 С ("shallow bed") in order to prevent 
decomposition of TPA which occurs above circa 300 С . To prevent rehydation, 
spinners are filled under an anhydrous nitrogen gas atmosphere in a glovebox. 
H NMR measurements revealed that rehydration through the spinner walls 
4 
during the experiment is negligible . Hydration was performed at room 
temperature by exposing the material in a closed system to a small container 
with water. 
27 
The Al spectra have been measured by straightforward single pulse 
excitation at 130.3 MHz (pulse duration 10 ps, relaxation delay 0.3 s, 
Bruker WM 500). For the Bruker WM 500, a homebuilt single-frequency tunable 
probe has been used. This probe employs cylindrical KEL-F rotors with a 
spinning frequency of circa 1.3 - 2.6 kHz. Chemical shifts are referenced 
to an aqueous solution of A1C1 . Proton decoupling has not been used, as 
magic angle spinning alone is sufficient to eliminate all possible line 
broadening due to the protons of TPA . Relative intensities of resonances 
27 in a Al MAS NMR spectrum have been obtained with a Dupont Curve Resolver 
310 by taking into account also the intensities of spinning sidebands 
belonging to a particular resonance. 
Results and discussion 
27 
Fig. 1 shows the Al MAS NMR spectra f or two TPA-ZSM-5 zeolites, 
samples A and B, and of calcined Na, H-ZSM-5, sample С (= calcined sample 
B). The resonance at 53.5 ppm is for both TPA-ZSM-5 samples the same, but 
sample В shows an additional resonance at 60.0 ppm. 
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Fig. 1 2''7Al MS NMR spectra at 130.2 MHz of TPA-ZSM-5, samples A and В 
and oaloined Ha, H-ZSM-S, sample С (number of transients circa 2,000). 
Stars indicate the first spinning side bands. 
Calcination of the samples A and В results in the observation of one 
27 
single resonance at 56.5 ppm. Here, only the Al NMR spectrum is shown 
for sample C, as the spectra for both calcined samples are identical. An 
ion exchange treatment of sample С with Na did not result in a change of 
27 
the Al chemical shift and lineshape. Therefore, the observation of 
27 . . . . 
different Al resonances in the TPA-ZSM-5 samples A and В is primarily 
related to the presence of the TPA cation in the channels of zeolite ZSM-5. 
The composition of the unit cell of zeolite TPA-ZSM-5 is given by ' : 
Na TPA { Al Si Q, 0 Q, } 
ζ *» 4 η 96-n 92 
According to literature, roughly four TPA cations and a variable number, 
z, of sodium ions are present per unit cell of ZSM-5. The four TPA cations 
can compensate the negative charge of up to four AIO, tetrahedrons per 
unit cell. Consequently, beyond a Si/Al ratio of 23 (n < h), no extra 
58 
cations are needed for the neutralization of the framework. Therefore, in 
27 
the case of sample A (TPA-ZSM-5, Si/Al = 140), only one Al resonance is 
+ 
observed at 53.5 ppm due to AIO, next to TPA . In the case of sample В where 
the Si/Al ratio is below 23 (Si/Al = 12.5), extra cations are needed for 
the neutralization of the framework charge; according to chemical analysis 
these extra cations are sodium ions (Table 1). This suggests that the 
resonance at 60.0 ppm is due to AIO, tetrahedrons neutralized by sodium 
ions. Further evidence for this assignment is obtained from hydration/ 
dehydration experiments. 
27 
Fig. 2 shows the Al MAS NMR spectra of zeolite TPA-ZSM-5 (sample B) 
as a function of hydration. Only the intensity of the resonance at 60.0 ppm 
is sensitive to the state of hydration: upon dehydration the intensity 
decreases and upon hydration the intensity increases again. We encountered 
HYDRATION 
100 0 p p M 
Fig. 2 Al MAS NMR spectra of TPA-Y.SM-5, sample B, as a function of 
water content at 160. ó MHz (number of transients: hydrated and dehydrated 
sample circa 2,000, the 1 hr. and ¿ hrs. sample circa 1,000 and the fully 
rehydrated sample circa 2,000). Stars indicate the first spinning side bands. 
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27 8 
a bimilar situation in the (78.2 MHz) Λ1 MAS NMR spectra of \a-ZbM-5 , 
where the resonance of Al neutralized by Na broadened so much upon 
27 
dehydration that the line disappeared, л separate Al MAS NMR experiment 
of Na-ZSM-5 (sample C) revealed that even at 130.3 MHz the resonance of Al 
neutralized by Na disappears upon dehydration. This behaviour was explained 
by assuming that in the hydrated state the Na ion is surrounded by 11.0 
molecules and physically somewhat removed from the Л10, tetrahedron. Lpon 
dehydration Na approaches this tetrahedron and severely distorts tht 
local symmetry around Al, thereby increasing the quadrupole broadening. A 
similar situation in 1PA-7SM-5 implies that the space in the channels not 
occupied by the 1PA cations is large enough to bear hydrated sodium ions. 
Complete rehydration of 1PA-ZSM-5 takes about 8 days (Fig. 2), which 
is much longer than rehydration of the calcined samples where several 
8 + 
hours is long enough . This demonstrates that the 1PA ion restricts the 
diffusion of water molecules in the pores. The resonance of 53.5 ppm (A10,-
TPA ) is only subject to minor changes during dehydration and hydration. 
27 
The Al chemical shift of AIO, sites neutralized by hydrated sodium 
ions is equal to 56.5 ppm in calcined ZSM-5 (simple C) and 60.0 ppm in 
TPA-ZSM-5 (sample B). This difference may be due to a direct effect of 
TPA on the local structure of AIO neutralized by Na but another 
possibility is that the restriction of water diffusion through the pores 
and the limitation of available space for water molecules due to the 
presence of the TPA ion affects the amount of water in the pores around 
the Na AIO, entity. 
The number, n, of AIO, tetrahedrons and the number of ГРА cations 
per unit cell of sample В is 7.11 and 2.35 respectively, as calculated from 
the data of the chemical analysis (Table 1). The intensity ratio of the 
Al resonances at 53 5 ppm (AIO, TPA ) and 60.0 ppm (Л10, Na ) should 
then be equal to 2.35 : 4.76 = 0.49. This calculated intensity ratio does 
27 
not agree with the experimental ratio: 1.2 ± 0.1, derived from the Al 
spectrum of sample В (Tig. IB) with a 310 Dupont Curve Resolver. However, 
the resonance at 60.0 ppm has been assigned to AIO tetrahedrons charge-
4 
compensated by HYDRATED sodium ions. The resonance of AIO, tetrahedrons 
+ 
neutralized by bare Na is not observable as mentioned before. The resonance 
of AIO, tetrahedrons neutralized by TPA (53.5 ppm) does not significantly 
change upon dehydration. This means that the number of observed AIO, 
60 
tetrahedrons neutralized by hydrated Na is equal to 2.35 : 1.2 = 2.0 per 
unit cell, as calculated from the experimental ratio. The amount of 
+ 27 
aluminum neutralized by bare Na , not observed in the Al MAS NMR 
experiment, is then equal to circa 2.8 AIO. tetrahedrons per unit cell or 
circa 40% of the total aluminum content. This indicates that not all AIO, 
ч 
tetrahedrons neutralized by sodium ions are in a hydrated state, possibly 
due to the presence of TPA . Further research is needed to investigate if 
TPA can prevent the hydration of some of the sodium ions. 
The excess of cations (Na or TPA ), not needed for the neutralization 
of framework AIO, tetrahedrons, are probably located in so-called Si-O-X 
+ + + framework defects (X = Na , TPA or H ). The existence of such defects in 
9 
zeolite ZSM-5 have been demonstrated by Boxhoorn et al. . 
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Abstract A wide range of analytical techniques (XRD, DTA/TGAj 
7? 07 Oü 
I.R., texture, SEM/ТЕМ, C, Al, Si MAS NMR) has been used 
to characterize intermediate products formed during the 
crystallization process of the zeolite Tetrapropylammonium ZSM-S 
(ÏPA-ZSM-b). In the beginning of the crystallization process the 
solid products are XRD-amorphous and consist of an aluminum-rich 
phase next to an increasing amount of TPA-ZSM-5 entities with 
dimensions of the order of the unit cell of ZSM-5. In the final 
stage of the crystallization process (here up to 8 days) the 
TPA-ZSM-5 entities recombine to a crystalline ZSM-5 framework. 
A large amount of framework defects are then still present in 
29 
the XRD-crystalline TPA-ZSM-5 framework as evidenced by Si MAS 
NMR. These defects disappear upon calcination. 
Submitted to: Appi. Catalysis 
63 
Introduction 
Zeolites are of great interest for the petrochemical industry. 
Especially the 7eolite ZSM-5 receives much attention due to its special 
catalytic properties ' . Zeolite ZSM-5 can be synthesized by a hydrothermal 
method described by Mobil in US patent no. 3702886. An essential step 
during the synthesis is thought to be the use of Tetrapropylammonium (1ΡΛ) 
cations which are believed to act as templates during crystal growth of 
ZSM-5 . However, in the patent literature the successful use of several 
other organic compounds in the synthesis is claimed as well. 
When the crystallization has been finished, the TPA-cation is removed 
from the pore system of the zeolite by calcination at e.g. 540 C. The 
acidic form, H-ZSM-5, is obtained by cation exchange and then the zeolite 
is ready for use as a catalyst. In this report we deal mainly with the first 
part of this procedure, the synthesis of TPA-ZSM-5. 
The primary goal of our investigation was to study and to characterize 
the solid products from the hydrothermal synthesis process as a function of 
time, using a wide range of characterization techniques in order to obtain 
a better understanding of the crystallization process. 
The characterization techniques used are: X-ray diffraction (XRD), 
texture measurements, differential thermal analysis (DTA), thermogravimetric 
13 27 29 
analysis (TGA), infrared spectroscopy (I.R.), C, Al and Si Magic 
Angle Spinning NMR (MAS NMR), X-ray fluorescence (XRF), elemental analysis 
(carbon analysis) and electron microscopy (scanning (SbM) and transmission 
(ТЕМ)). 
A similar approach has been followed by Derouane, Gabelica and 
3 
coworkers who used electron microscopy, X-ray diffraction, thermal analyis , 
13 4 29 5 
С MAS NMR , and Si MAS NMR , to characterize the intermediate ZSM-5 
products. 
Two different crystallization procedures for the formation of ZSM-5 
3 
crystals have been described by Derouane et al. . In procedure A a limited 
number of ZSM-5 nuclei is formed at the expense of an amorphous Al-rich 
(gel) phase. Ihe nuclei grow slowly through a liquid-phase ion-transportation 
mechanism by incorporating TPA which serves as a template during the growth 
process. Finally after 300 hours, large ZSM-5 crystals are formed. During 
the process the Si/Al ratio increases steadily. In procedure В small, X-ray 
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amorphous, ZSM-5 polycrystalline aggregates appear very early in the 
crystallization process. Already after circa 50 hours, XRD-crystalline 
ZSM-5 is formed due to a solid to solid transformation mechanism. The 
Si/ЛІ ratio remains constant during crystal growth, in contrast to 
procedure A. The crystallization procedure that we use is a type A 
synthesis. Besides a discussion about the crystal growth of TPA-ZSM-5 and 
the identification of TPA-ZSM-5 in the solid intermediates, we will 
discuss the existence of lattice defects in zeolite ZSM-5. 
Experimental 
Synthesis 
The samples were prepared according to a general method (hydrothermal 
treatment) described by Mobil Oil (US patent no. 3702886). In our case, a mixture 
prepared from aluminum metal curls and a NaOH solution, and a colloidal 
solution of SiO (Aerosil 380 by Degussa) in 20% TPAOH (Eastman Kodak) was 
first aged under a nitrogen atmosphere at 25 С during 1 night. The mixture 
resulted in the composition given in Table 1. Four Hastelloy-C metal 
autoclaves were then filled with this mixture and mounted in a slowly 
shaking furnace. The temperature was raised up to 150 С within 1 hour and 
kept at this level. The autoclaves were removed from the furnace after 1/2, 
1, 3 and 8 days, respectively, and cooled in air. The content was separated 
in a solid product and a solution phase by means of a centrifuge. The solid 
products, formed after 1/2, 1, 3 and 8 days, are designated by А, В, С and 
D, respectively. Air calcination was performed at 540 С until a white 
product was formed. 
Chemiaal analysis 
The Si and Al contents were determined by means of X-ray fluorescence 
with a Philips PW 1450 X-ray system, operating in the wavelength dispersive 
mode. Na and К contents were determined by atomic absorption with a Varían 
AA6D spectrometer. The carbon content was determined by means of a home 
built apparatus: carbon is oxidized to CO and (acid-base) titrated in 
pyridine with (C.H ),N0H, thymol blue served as indicator. The chemical 
analysis and the codes of the obtained samples are given in Table 1. Sample 
E, an uncalcined highly crystalline ZSM-5 sample from another batch has a 
much higher atomic Si/Al ratio (140). 
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Table 1 Chemical analysis 
Synthesis mixture. Molar ratios of reactants 
Si0 2/Al 20 3 = 27.2, Na 20/Al 20 3 = 1.00, T P A ^ / A l ^ = 7.3 
H20/(Na20 + TPA20) = 67 
Solid products 
Content in weight % (aocuraoy ±0.2) 
Sample 
A, 1/2 day 
B, 1 day 
C, 3 days 
D, 8 days 
E 
sio2 
6 2 . 6 
6 0 . 5 
72.7 
7 9 . 3 
8 2 . 6 
Al20Z 
2 2 . 0 
14.6 
8.9 
5.4 
0 .5 
Λ'α 
-
-
-
1.8 
0.58 
С 
1.1 
3.0 
5.5 
5.1 
9 
Si/ Al aton 
2.4 
3 .5 
6 .9 
12.5 
140.2 
X-ray diffraction 
The X-ray powder diffraction patterns of the samples were recorded 
using a Philips PW 1771 X-ray diffTactometer with monochromatic CuK 
radiation. 
Thermal analysis 
The TGA/DTA measurements were carried out with a Mettier HE-20 
thermobalance. The samples were heated to 975 С at a heating rate of 6 С 
min, in an air/argon mixture (70/30 vol.%). The baseline for the DTA 
measurements was determined after cooling to 25 С and raising the 
temperature to 975 С with the same heating rate and without sample 
Texture 
The values for pore volumes and surface areas were extracted from N 
adsorption isotherms and so-called t-plots measured by physical adsorption 
of nitrogen at -196 С using a Carlo Erba Sorptomatic 1826. 
Electron microscopy 
The morphology of the samples was investigated by scanning electron 
66 
microscopy using a Philips SEM 505 and transmission electron microscopy 
with a Philips EM 420 T. 
Infrared 
The single scan transmittance infrared spectra were recorded on a 
Perkin-Elmer 580 spectrometer (equipped with a data-station) using the 
KBr wafer technique (sample: KBr = 3:100 weight parts). 
MAS UMR measuremenLs 
13 
С solid state MAS NMR spectra (spinning frequency 3-4 kHz) were 
recorded on a Bruker CXP-300 NMR spectrometer, using the spin temperature 
inversion sequence with a repetition time of 2 s and a single 1 ms contact 
1 13 29 
for the H - С cross polarization. Si spectra were measured either by 
straightforward 90 pulse excitation (90 pulse duration 6 vs) with a 
13 
repetition time of 10 s or with the above mentioned pulse sequence for С 
1 29 
NMR (repetition time 2 s and 2 ms for the H - Si cross polarization). 
13 29 . . . . 
С and Si chemical shifts are given in ppm with respect to tetramethyl 
27 
silane. The Al spectra have been measured by straightforward single 
pulse excitation at 130.3 MHz (pulse width 10 ps, repetition time 0.3 s, 
Bruker WM 500). Chemical shifts are referenced to an aqueous solution of 
о 
A1C1.. For the Bruker CXP-300 Andrew type rotors have been used, fashioned 
. 29 . 13 
from Delrin for the Si NMR experiments and from boron nitride for С 
NMR experiments. A spinning frequency of 3-4 kHz has been employed and 
proved to be sufficient. 
In the case of the Bruker WM 500 a horaebuilt single frequency tunable 
è has been used. This probe employed a 
spinning frequency of circa 1.3 - 2.6 kHz. 
27 
Proton decoupling had no effect on the linewidth of the Al spectra 
at 78.2 MHz (CXP-300)10, so that also at the higher field (130.3 MHz) 
no proton decoupling is used. 
Results 
Chemical analysis 
The results of the chemical analysis of the intermediate TPA-ZSM-5 
products are presented in Table 1. It is seen that the atomic Si/Al ratio 
9 
probe has been used. This probe employed a cilindrical KEL-F rotor with a 
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20 
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• 2 θ/degrees 
10 
Fig. 1 XRD patterns of the adlcined 1/2 day sample (A*) and unaalained 1, 
¿ and 8 days samples. В, С and D3 respectively. The signals indicated with 
stars are due to the sample holder. 
of the solid intermediates increases with crystallization time but the ratio 
present in the synthesis mixture (13.6) is not reached. The carbon content, 
i.e. the amount of TPA, also increases with time, but a slight, relative 
decrease is observed for sample D (8 days). 
X-ray diffraction 
Fig. 1 shows the XRD-patterns of zeolite TPA-ZSM-5 as a function of 
crystallization time for the samples А*, В, С and D, where A* is the 
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calcined sample originating from the sample obtained after 1/2 day 
crystallization. It is well known that TPA does not significantly alter 
the positions of the XRD signals, therefore the calcined sample A can be 
compared with the uncalcined samples В, С and D. A broad signal is 
observed from the samples crystallized shorter than 8 days. The linewidth 
of this signal decreases with synthesis time, indicating that the 
regularity increases. 
After 8 days a well-resolved XRD-pattern is observed, characteristic 
for ZSM-5 zeolites . The data were indexed to a (Pnma) orthorhombic unit 
cell of dimensions a = 20.08, b = 20.00 and с = 13.Al A. These values are 
in good agreement with those of other ZSM-5 samples synthesized in this 
12 13 
laboratory and with those reported in the literature ' 
14 
A characteristic number, V, has been introduced by Wu et al. in 
order to characterize the crystallinity of a ZSM-5 zeolite. This number 
has been defined as 
=
 I(D = 3.85 A) 
I(D = 11.1 5J 
where: I(D = 3.85 A) and I(D = 11.1 A) denote the intensity of the 
reflection at 3.85 A and 11.1 A, respectively. 
The value of V for sample D is equal to 3.43, considerably higher 
14 
than literature values and values measured in our laboratory for calcined 
ZSM-5 samples, which range from 1.1 to 1.4. Separate determination of the 
V values for a TPA-silicalite (V = 3.4) and calcined silicalite (V = 0.9) 
revealed that the V value is influenced by the presence of TPA. To check. 
whether this was true for sample D as well, the XRD pattern for the calcined 
sample (D ) was also measured. It showed a V value of 2, much closer to 
the literature values. The reason for the still existing small difference 
is not known yet. This explains the high value (3.43) found for sample D. 
It can be concluded from XRD that the order, i.e. regularity, of zeolite 
TPA-ZSM-5 increases upon time. For short synthesis times (< 8 days) the 
crystallites (nuclei) if present, must be quite small (e.g. < 2 nm). Such 
XRD-amorphous TPA-ZSM-5 crystallites are also reported by Jacobs . Only 
the TPA-ZSM-5 sample D, after a synthesis time of 8 days, has crystallites 
of sufficient size in order to reveal a proper XRD-pattern. 
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Table 2 lexture values for -pore volumes and surface areas 
mple 
A* 
В 
С 
D 
D* 
b БЕТ (m2/gr) 
80 
130 
130 
189 
357 
S S.M о 
10 
115 
115 
92 
270 
V Ρ (cm6/gr) \ S.M (cm /gr) 
0.40 0.02 
0.45 0.04 
0.30 0.04 
0.21 0.03 
0.26 0.13 
Texture 
The surface and pore volumes of the samples A , В, С, D and D have 
been determined by means of physical adsorption of nitrogen at -1960C. The 
values for the total area (S BET), the area in the sub-micropores (S S.M), 
pore volume for pores up to a diameter of 60 nm (V P) and up to a diameter 
of 2 nm (V S.M) of the samples are given m Table 2. The calcined sample 
A* (1/2 day) has low values for S S.M and V S.M, as compared to sample D 
(8 days) whose values are representative for ZSM-5 zeolites ' Also the 
V Ρ value of sample A is higher than that of sample D . This indicates 
that sample A for a considerable part consists of an amorphous alumino-
silicate phase. 
The uncalcmed samples В, С and D have submicro pore volumes (V S.M) 
which are low compared to ZSM-5, sample D . But they have surprisingly 
+ 
high surface areas in these micropores in view of the fact that the TPA 
cations (located at the intersections ) are believed to block the pores 
for penetration of nitrogen molecules. A possible explanation might be the 
1 8 
existence of lattice defects (as suggested by Boxhoorn et al. ) rendering 
(locally) larger pores which allow the entrance of nitrogen. An alternative 
explanation could be the existence of an amorphous phase, but the XRD-
crystalline sample D has a high S S.M value as well. 
The S BET values of the uncalcmed samples В, С and D increase in 
this order, as does the difference between S BET and S S.M. This indicates 
that the samples В and С consist mainly of particles which are probably 
amorphous (notice the larger pore volumes, V P, with respect to sample D) 
and sample D of particles which are more crystalline in nature relative 
to В and С (notice higher S BET and lower V P). The texture values of the 
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calcined sample D are in good agreement with those of crystalline ZSM-5 
Notice the influence of calcination (removal of TPA ) on S S.M, S BET and 
V S.M, with respect to the uncalcined sample D. 
From the texture values it can therefore be concluded that after 1/2 
day hydrothermal treatment the formed solid (sample A*) consists mainly of 
an amorphous, probably alumino-silicate, phase. After 1 and 3 days 
crystallization the solid product still consists of relatively large 
amorphous particles; if any crystalline phase is present then in view of 
the V S.M values this will probably be a solid with many defects, allowing 
the entrance of nitrogen in spite of the presence of TPA . 8 days hydrothermal 
treatment results in a solid product which shows, after calcination (sample 
D*) typical ZSM-5 texture values. For the uncalcined 8 days product (sample 
D), however, it is still likely that defects are present because of the high 
S S.M value. 
SEM/TEM 
The morphology and particle size of the samples A , В, С and D have 
been investigated by means of scanning electron miscroscopy (SEM) and 
transmission electron microscopy (ТЕМ). Particles with a crystalline 
morphology are present only in sample D, these particles have a size of 
circa 0.5 v.m. Next to these particles with crystalline morphology also 
conglomerates of ball-shaped particles are visible with a size of circa 
0.1 ym, probably polycrystalline in nature. For crystallization times 
shorter than 8 days (sample A , В and C) only conglomerates are observed. 
In sample С no crystalline phase could be observed by ТЕМ in the 
diffraction mode, the crystallites if present are too small. Only in sample 
D a crystalline phase is observed with a distance between the crystallographic 
planes of circa 10 Â, in agreement with other publications ' 
TGA/DTA measurements 
The results of the DTA and TGA measurements are presented in Table 3 
and Figs. 2, 3 respectively. It is clear from Table 3 that sample D has a 
more hydrophobic character than the samples А, В and C, as the initial 
weight loss (T < 300 C) is a measure of the amount of water present ' 
Although it is well known that tetraalkylammonium (TAA) salts decompose at 
temperatures lower than 300 С ' , such effects are not observed in the 
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200 600 
05 DAYS 
1000 
-Τ/ С 
Fig. 2 DTA graphs of the uncalcined 1/2, 1, Ζ and 8 days sample. Dashed 
lines indicate the baseline. Signals upwards are due to exothermic (exo), 
downwards to endothermic signals. 
200 600 1000 
-5 -
-10 -
-15 -
-20 
AW/W.% 
Fig. 3 TGA graphs of the uncalcined 1/2, 1, Ζ and 8 days sample. The weight 
loss (hW) is given in weight percentages (W.%) as a function of temperature. 
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A 
A* 
В 
С 
D 
11.2 
3.6 
10.3 
10.4 
3.5 
Table 3 Thermogravimctria results, weight loss in the temperature ranges 
Sample i < ύ00ο0 360°С < Τ < 600°С (ueight%) 
3.4 
6.9 
9.7 
9.1 
DTA graphs of the samples В, С and D. Only in sample A a decomposition of 
TPA is seen as shown by a small endothermic signal (T < 300oC) . In the 
temperature interval 300 - 600 С a loss of mass and heat effects are 
clearly observed for the samples В, С and D, see Figs. 2 and 3. The increase 
. . + . . . . . 
in decomposition temperature of TPA is explained by a stabilization of 
TPA in the crystalline ZSM-5 framework ' ' ' . Such a stabilization is 
also observed in our laboratory for TPA in ferrisilicates and borali tes 
with ZSM-5 structure. Notice that the DTA signals raise and narrow as the 
synthesis time increases. This implies that more TPA is present and that the 
decomposition temperature becomes more uniform. This is in good agreement 
with the trend of the TGA results in the temperature interval 300 - 600 С 
(Table 3) and the carbon analysis (Table 1). 
Sample A 
The amount of TPA in sample A is low as indicated by the carbon 
13 
analysis, TGA and DTA and the absence of а С NMR signal (vide infra). In 
the temperature interval 230 - 270 С an endothermic signal is observed in 
the DTA curve of this sample, which points to the existence of free TPA . 
Between 300 and 600 С there is only a weak signal due to the decomposition 
of stabilized TPA . The loss of mass in this temperature region is small as 
well (Table 3). However, the endothermic signal at 850 С without a loss of 
mass indicates that some solid structure is present which undergoes a 
structural change. The hydrophilic character of the sample (Table 3, 
Τ < 300 С) is probably due to the presence of silanol groups. Calcination 
1 О ОС 
removes ' silanol groups and therefore the hydrophilic character, as 
shown by sample A (Table 3). 
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Sample В 
In sample В, after I day crystallization, an exothermic signal is 
observed at 390 С which points to the existence of stabilized TPA and 
consequently, to a crystalline framework. This signal and the signals from 
the other samples in the same temperature region are caused by a series of 
23 . . . + 
reactions : decomposition of stabilized TPA , desorption of decomposition 
products, the reaction of these products with the catalytically active 
protons (formed by calcination), amongst others to coke, and finally 
combustion of this coke deposit. The forming of coke is observed during 
calcination, initially the sample becomes black but finally returns to white 
again as the coke is burned off. The absence of a decomposition signal at 
temperatures lower than 300 С indicates that all TPA present is stabilized 
in a crystalline framework. Sample B, however, shows hydrophilic character 
which is hard to explain for a perfect crystalline ZSM-5 phase. This 
suggests the existence of an amorphous phase without TPA , in addition to 
the crystalline phase. The formed product is now stable up to 1000 С at 
least. 
Sample С 
Sample С exhibits in principle the same phenomena as sample B. The 
DTA-signal, however, is more intense and also the carbon content is higher 
(Table 1). Both are an indication of increased crystallinity and an 
increased amount of TPA-ZSM-5 entitites. The hydrophilic character of this 
sample and sample В is probably due to the presence of the above mentioned 
silanol groups. These silanol groups can exist in both the amorphous phase 
and in the crystallites. 
Sample Ό 
Sample D (8 days) is relatively hydrophobic, see Table 3, aim 
exhibits narrow DTA signals and a high thermostability (up to 1000 C). 
This DTA graph is typical for CRYSTALLINE TPA-ZSM-5 as found also for 
silicalite, boralite and ferrisilicate. 
From the TGA/DTA measurements it can be concluded that all TPA present 
is stabilized in a framework, as is expected for TPA occluded in the pores 
of zeolite ZSM-5. The only exception is the 1/2 day sample where some 
unstabilized, free, TPA is present. 
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DAYS 
1500 300 
Fig. 4 Infrared spectra of the framework region (1500 - 300 от ) of the 
unoaloined 1/2, 1, 3 and 8 days sample. 
Infrared 
Fig. 4 shows the I.R. spectra of the framework absorption region 
(1500 - 300 cm ) of the samples А, В, С and D. Absorption bands at 1100 -
1050 (s), 795 (m) and 455 (s) cm are typical for highly siliceous materials. 
These absorptions have been assigned to 2 7 the asymétrie stretching, 
symmetric stretching and the bending modes of the Si(Al)0, tetrahedra. The 
-1 
two remaining sets of absorption bands (630 - 550, 1220 cm ) are 
28 
attributed to the external symmetric stretching vibrations of chainlets 
29 
of tetrahedra in zeolites and the asymmetric stretching mode of the five-
membered rings which are present in ZSM-5 and ZSM-11 zeolites ' . Non-
zeolite siliceous materials do not absorb near 550 cm , therefore this 
band is considered to be a good probe for detecting the presence of a 
zeolite framework . To obtain a crystallinity parameter, following 
15 29 32 -1 
Jacobs ' ' , the absorbance ratio of the 550 and 450 cm band in the 
I.R. spectrum has been taken as a measure of I.R. determined crystallinity. 
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Table 4 I.И. oryetallinity 
Sample 
F/S 3 
A 
0.1Í 
8 
0 .32 0.35 
υ 
0.67 
a -1 
Ratio of the absorptions of the 550 (F) and 450 (S) cm band. 
С 
в 
TPABr 
3100 2800 
CM 
1500 
-1 
1300 
Fig. 5 Infrared spectra of the template region of the uncalained 1, 3 and 
8 daye sample and tebraprOpylamrnontumbromide (TPABr) in lhe wavenimber 
region ¿100 - 2800 and 1500 - 1300 cm -1 
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For well-crystallized calcined ZSM-5 samples this ratio is circa 0.70 , 
which has to be similar for TPA-ZSM-5 as the contribution to I.R. intensity 
of the TPA cations in the particular wavenumber region is negligible. The 
results for our samples are shown in Table 4. For sample D one indeed 
finds a ratio of 0.67. The absorbance ratio decreases with decreasing 
synthesis time, showing an increasing amount of non-ZSM-5 siliceous 
material. 
It should be stressed here that although I.R. spectra reveal 
information about the structural parts of a zeolite framework, I.R. gives 
information about short-distance order only. This in contrast to XRD which 
establishes long-range order only. The amount of entities with TPA-ZSM-5 
features increases with synthesis time as can be seen in Table A. 
Fig. 5 shows the I.R. spectra of the (template) TPA absorption regions 
(3100 - 2800, 1500 - 1300 cm" ) of the samples B, C, D. The amount of TPA 
in the 1/2 day sample (A) was too low to be detectable by single scan 
infrared spectroscopy. The propyl chain vibrational stretching frequencies 
of TPA in ZSM-5 for sample D are in good agreement with those reported 
33 in the literature for well-crystallized TPA-ZSM-5 . The I.R. spectrum of 
TPABr is included, for comparison. Almost all absorption bands observed 
for the samples are different from those of TPABr, therefore TPA strongly 
interacts with a framework. These characteristic template vibrations of 
TPA-ZSM-5 are already present after 1 day, sample B. The I.R. spectra of 
the samples В and С show extra bands in the 1300 - 1500 cm region (Fig. 
5) which are not observed for sample D or TPABr. It is likely that these 
bands monitor TPA in ZSM-5 nuclei, initially formed with a short range 
order. 
It can be concluded from the I.R. measurements that the bonds or units 
giving the characteristic template and framework vibrations of TPA-ZSM-5 
are already formed in an initial stage (1 day) and that the total amount 
of I.R. crystalline TPA-ZSM-5 increases with crystallization time. 
NMR measurements 
13
С MAS NMR 
13 
Fig. 6 shows the С MAS NMR spectra of TPA-ZSM-5 as a function of 
13 
crystallization time (samples А, В, С and D) and of solid TPABr. The С 
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A gj DAYS 
TPABr 
ІЗ 
PPM 
Fig. 6 С M4S Ш Д spectra at VS.4 MHz of the (unoaloined) 1/2, 1, 3 and 8 
days samples and tetrapropylammoniumbromide (ТРАБг). Resonances are assigned 
to the carbon atoms of the propyl chains in (C II 
с 
Number of transients. A: 10,000, B: 5,000, C: 5,000 and D: 5,000, TPABr: 
50, in all cases an exponential linebroadening has been used of 10 Hz. 
c4 - civ/· 
spectra of the TPA-ZSM-5 samples are noticeably different from TPABr with 
13 
respect to the relative С NMR intensities, linewidths and chemical shifts. 
This indicates that TPA strongly and specifically interacts with the 
framework. The assignment of the resonances is straightforward and is 
indicated in Fig. 6. The splitting of the methyl resonance in sample D 
has been attributed to the influence of the two different channels in ZSM-5 
13 17 
on the С chemical shift and is an indication of the high crystallinity 
4 
of this sample . 
On going to shorter crystallization times the resonances broaden, the 
intensity (i.e. amount) of TPA decreases and the splitting is not observed 
+ 
any more. As TPA is related to TPA-ZSM-5, the intensity decrease indicates 
that the total amount of TPA-ZSM-5 entities in the solid lowers. The 
78 
increase in linewidth monitors the decreasing regularity of the Si-Al 
framework around the propyl chains, as the linewidth is a sensitive probe 
4 13 for the homogeneity of a sample . No С NMR signal (within the NMR detection 
limit) is observed after a 1/2 day crystallization process (sample A ) , 
indicating the absence of framework occluded TPA (or free TPA) and thus 
TPA-ZSM-5. Also the amount of free TPA , as evidenced by DTA, is too low 
13 13 
to be detected by С NMR. It can be concluded from С NMR that as the 
+ . . 
crystallization time increases, more and more TPA is incorporated m a 
regular fashion within the (zeolite) framework: this results finally in a 
13 
well-resolved narrow С NMR spectrum. 
13 
These observations are in complete agreement with the С results 
4 
reported by Gabelica et al. . 
100 0 PPM 
Fig . 7 kl MAS NMR s p e c t r a at 130.3 MHz of the unaaloined 1/2, 1, Ζ and 
8 days sample (number of transients circa 1,500). Stars indicate spinning 
side bands. 
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Al MAS LMR 
27 
Fig. 7 shows the 130 MHz Al MAS NMR spectra of the samples Л, В, С 
and D. The aluminum chemical shifts obtained from the resonances are in a 
chemical shift range typical for tetrahedrally oxygen coordinated aluminum, 
AIO, ' . Octahedrally coordinated aluminum resonates near 0 ppm ' and 
is not observed. 
Starting with the 1/2 day sample two resonances are observed at circa 
70 and circa 61 ppm. A shift to higher field occurs in the spectrum of the 
1 day sample, and after 3 days only a single broad resonance is observed 
27 
at 58 ppm. The Al spectrum of the 8 days sample (D) reveals two resonances 
at circa 60 and circa 54 ppm. Notice that the aluminum sites which resonate 
at 70.5 and 61.5 ppm show a decreasing shift at longer synthesis time. Fyfe 
35 27 
et al. demonstrated that the Al chemical shift decreases when the 
aluminum content of zeolites becomes lower, as is valid for our samples 
(Table 1). We therefore attribute the resonance at 70.5 and 66.7 ppm, only 
observed in the 1/2 day and 1 day sample, to AlO.-tetrahedra in an alumino-
silicate phase rich in aluminum. This is in accordance with our previous 
texture results. The more intense resonances at circa 60 and lower ppm 
values then monitor the structural changes of a more siliceous Si-Al 
framework around TPA . 
At this point we want to emphasize that the present differences in 
27 
the Al spectra are only observed at 130.3 MHz. At lower field only a 
single resonance is observed due to an increase of the quadrupole broadening 
, , . j. . j , 10 
of the individual resonances 
The two aluminum resonances in the 8 day sample are assigned to 
aluminum atoms in the framework near TPA (53.5 ppm) and to aluminum atoms 
38 (60 ppm) next to (hydrated) sodium atoms . This assignment has been 
obtained by comparing two TPA-ZSM-5 zeolites with a different Si/Al ratio. 
27 
Fig. 8 shows the Al NMR spectra of TPA-ZSM-5 sample D (Si/Al = 12.5, TPA/ 
Al = 0.34, Na/Al = 0.74), and of another TPA-ZSM-5 batch, sample E (Si/Al = 
140.2, TPA/Al = 6.4, Na/Al = 2.6). Roughly four TPA molecules are present 
per unit cell of ZSM-5 ' ' ' . Therefore, four TPA molecules can 
compensate the negative charge of four AIO, units per unit cell. 
Consequently, beyond a Si/Al ratio of 23, extra framework cations are not 
needed for the neutralization of the framework (notice: 96 tetrahedrons 
1 3 
are present per unit cell ). Therefore, in the case of sample E (Si/Al = 
80 
100 PPM 
27 
Fig. 8 /Л liÂS ИМИ spectra at IZO. Ζ Mhz of ипааЬаъпей (Ό) and oalained 
(if ) 8 days TPA-ZSM-5 sample and TPA-ZSM-b cample E (number of transients 
circa 1500). Stars indicate spinning side bands. 
27 140.2), only one Al resonance is observed at 54 ppm due to AIO next to 
TPA . In the case of sample D where the Si/Al ratio is below 23 (Si/Al = 
12.5), extra framework cations are needed for the neutralization of the 
framework; according to chemical analysis these extra cations are sodium 
ions (see Table 1). This means that the resonance at 60 ppm is due to AIO 
tetrahedrons neutralized by sodium ions. 
A second indication is that only the resonance at 60 ppm is sensitive 
38 
to the state of hydration : upon dehydration the intensity decreases and 
upon hydration the intensity increases again. This indicates that the extra 
sodium ions in sample D are in a hydrated state. A similar result has been 
37 + - . 
found for Na-ZSM-5 . Upon dehydration Na approaches the AIO, sites, 
resulting in a deformation of the AIO tetrahedron. This causes an increase 
• · 27 
of the quadrupole broadening and thus an intensity decrease of the Al 
81 
resonance. A similar situation in TPA-ZSM-5 implies that the space in the 
channels not occupied by the TPA cations is large enough to bear hydrated 
•
 3 8 
sodium ions 
. . 27 
Fig. 8 shows in addition the Al spectrum of calcined TPA-ZSM-5, 
sample D . Now only one signal is observed at 56.5 ppm, typical for aluminum 
incorporated in a Na, H-ZSM-5 framework , because TPA is removed. The 
neutralization of the framework is achieved by hydrated sodium ions or 
+ . 27 
protons alone (H ). It is evident from the Al spectra that as 
crystallization proceeds structural changes occur in the solid and that 
after 8 days crystallization a well-crystallized TPA-ZSM-5 is formed. 
29 Si MAS NMR 
29 
Fig. 9 shows the Si MAS NMR spectra of the samples А, В, С and D. The 
29 41 42 
Si chemical shift is sensitive to structural features ' and to the 
41-45 
aluminum coordination as well . Separate shift ranges have been found 
ft5 DAYS 
-60 -100 
29 
Fig. 9 Si MAS NMR spectra at 59.6 MHz of the unoalained 1/2, 1, 3 and 8 days 
sample (number of transients: 8,000, an exponential linebroadening of 100 Hz 
has been used for А, В and С and a 50 Hz linebroadening in the oase of sample Dì. 
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for Si(A10,) (SiO,), units in a three-dimensional network like zeolites, 
4 n 4 4
"
n
 41-45 
with η varying between 0 and 4 . The shift ranges for monomer, polymer, 
41 42 
sheet (layer) and three-dimensional structures are less defined ' , 
since these are also influenced by the aluminum coordination. 
29 
However, the broad, featureless Si signals observed in the 1/2, 1 
and 3 day samples (Fig. 9) span the whole chemical shift range of three-
dimensional and less-ordered networks, irrespective of the aluminum 
content, and can therefore be attributed to solids with a low ordering. 
29 
Fig. 10 shows the Si MAS NMR spectra of (uncalcined) TPA-ZSM-5 
(sample D), obtained by 90 pulses and by Η - Si cross-polarization, 
and of the calcined sample D , obtained by 90 pulses. By comparing the 
spectra of D and D obtained under equal conditions, 90 pulses, one 
notices a remarkable difference, caused by the calcination. The spectrum 
obtained from sample D by cross-polarization is different from the spectrum 
obtained by 90° pulses. Further heat treatments (600oC, 12 hours) of 
* 29 
sample D did not result in an improvement of the Si MAS NMR spectrum. 
The intensity pattern, i.e. the probability of Si(A10,) (SiO,), units 
4 η 4 4-n 
as a function of n, can be calculated with a formula given by Klinowski 
et al. : 
hu, АП • Ò ^ C -P>4"n Si(n Al) η 
with Ρ = Al/Si ratio and n: 0 to 4. 
29 
This calculated pattern (stick spectra) more or less matches the Si 
MAS NMR spectrum of the calcined sample, see Fig. 10. The assignment of the 
signals is indicated in the spectrum. The chemical shifts fall in the 
18 41-45 
appropriate ranges known from literature ' . The resonance at -115 ppm 
a high-field shoulder on the Si(0 Al) line indicated by 4r is due to 
silicon atoms, not coordinated by aluminum, in the four-ring units present 
48 in the framework of zeolite ZSM-5 
29 
The proton-enhanced Si MAS NMR spectrum of uncalcined TPA-ZSM-5 is 
29 
similar to the Si MAS NMR spectrum of calcined (Na,H)-ZSM-5 but different 
from the spectrum of the uncalcined sample obtained by 90 pulse excitation. 
Therefore, the signals present in the 90° pulse spectrum of sample D, not 
present in the proton-enhanced spectrum, are due to silicon atoms for which 
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I 1 I I I I I I I 
Fig. 10 Si 14AS KMR spectra at 59.в MHz of the uncalcined (D) and calcined 
(if) 8 days sample. Spectra are obtained either by 90° pulse excitation or 
1 29 
cross-polarization, H - Si (number of transients: 8,000 for semipié D and 
4,000 for sample D*, an exponential line broadening of SO Hz has been used). 
Notice that the width of the Si (1 Al) line is larger than the other two. 
'Therefore, the height of the Si (1 Al) line increases upon reducing the 
linewidth of this line to the same width as the other two. In that case the 
calculated pattern matches the experimental spectra. 4r indicates four-ring 
units in the ZSM-S structure. 
the dipolar coupling to protons is too weak to result in any cross-
polarization (vide infra). The distinct chemical shifts and narrowness of 
these three signals in the 90° pulse spectrum indicate that they are due 
to different "sites" in the framework of uncalcined TPA-ZSM-5. After 
calcination these sites disappear. 
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Table 5 Information content obtained from the eharaoterization of the 
intermediate products. 
Technique Information 
chemical analysis The solid products become more siliceous upon 
crystallization, i.e. the Si/Al ratio increases; the 
total carbon content increases too. 
XRD 
Texture 
SEM/TEM 
*TGA/DTA 
'I.R. 
С NMR 
27 
Al NMR 
29 . 
Si NMR 
The highest crystallinity is achieved after 8 days of 
crystallization. For shorter times the solid products 
are X-ray amorphous. 
For short times (1/2, 1 and 3 days) an amorphous 
alumino-silicate phase is present next to ZSM-5 nuclei. 
The ZSM-5 product obtained after 8 days crystallization 
contains many defects. 
For short times conglomerates are present with no 
crystalline morphology. After 8 days crystallites of 
circa 0.5 pm are present. 
The product obtained after 1/2 day crystallization 
contains only unstabilized TPA. TPA is stabilized in 
all other samples. The amount increases with time. 
The characteristic vibrations of ZSM-5 are already 
observed after 1/2 day crystallization, the amount of 
ZSM-5 increases upon time. Next to the vibrations of 
TPA enclosed in ZSM-5 other vibrations are observed 
which disappear upon longer crystallization. 
The total amount of TPA increases upon time. After 8 
days a well-resolved JC spectrum is observed, 
characteristic for TPA-ZSM-5. 
In the beginning of the crystallization process (1/2 
and 1 day) an amorphous phase is present next to a more 
siliceous phase, TPA-ZSM-5. After 8 days a well-
resolved spectrum is observed. 
For 1/2, 1 and 3 days crystallization the products show 
short-range order. After 8 days the order is increased. 
In the spectrum of the 8 days sample signals are 
observed which disappear during calcination. These 
resonances do not show up in a cross-polarization 
experiment. 
*: technique which can identify zeolite TPA-ZSM-5. 
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Discussion 
Table 5 summarizes the information obtained from the characterization 
of the intermediate structures using the present techniques. 
Identification of TPA-ZSM-5 entities 
Some characteristic features of (zeolite) TPA-ZSM-5 are already formed 
in an early stage (see I.R., Figs. 4 and 5) of the crystallization process 
(certainly after 1 day). However, for short times (< 8 days) the solid is 
X-ray amorphous (see XRD, Fig. 1) indicating that the size of the possibly 
present "structures" is less than circa 20 - 50 Â or of the order of one 
29 
unit cell. The order is short-range and therefore the Si MAS NMR spectra, 
which are sensitive to the order of the material, are broad and featureless 
29 ( Si, Fig. 9). Next to these TPA-ZSM-5 entities initially an (amorphous) 
aluminosilicate phase is present (texture, TGA), rich in aluminum as shown 
27 by the Al spectra (Fig. 7) and the fact that the Si/Al ratio is low for 
short crystallization times (chemical analysis); the Si/Al ratio for ZSM-5 
structures is believed to be high (circa > 11). The hydrophilic character 
of the solid products is absent after 8 days of crystallization (see TGA, 
Fig. 3). The above mentioned Al rich amorphous aluminosilicate phase also 
27 disappears upon longer crystallization ( Al, Fig. 7 , chemical analysis, 
Table 1, texture. Table 2 and TGA, Table 3). Therefore, the observed 
hydrophilic character of the products obtained after a short crystallization 
time may be due to this aluminosilicate phase, but another explanation for 
the change-over from hydrophilic to hydrophobic character can be the relative 
decrease of the number of silanol groups when the size of the crystallites 
grows with crystallization time. The total amount of stabilized TPA increases 
13 
upon time ( C, DTA, chemical analysis), indicating that the amount of TPA-
ZSM-5 entities increases as well, as TPA is related to TPA-ZSM-5. Relatively 
large crystals are formed after 8 days (XRD, SEM/ТЕМ). After 1/2 day 
crystallization TPA is present in the solid product but not stabilized (see 
DTA, Fig. 2) in a ZSM-5 framework. Infrared spectroscopy (Fig. 4) points to 
the existence of five-membered rings and Si, A10,-tetrahedron-chainlets 
probably already after a 1/2 day but certainly after 1 day. In the light of 
the above mentioned DTA results this means that the solid product probably 
consists of these five-membered rings, next to an amorphous aluminosilicate 
phase. 
86 
Boxhoorn et al. found evidence for the existence of double five-
membered rings already formed in the solution phase; it was stated that 
these double five-membered rings are the precursors in the crystallization 
process of zeolite ZSM-5. Evidently a 1/2 day (under our crystallization 
conditions) is not enough to arrange these five-membered rings to units 
(i.e. chains of five-membered rings and layers as found in the crystal 
structure of zeolite ZSM-5) in which TPA can be stabilized. The presence 
of stabilized TPA in a framework after I day crystallization (DTA, I'ig. 2, 
13 
C, Fig. 6) implies that only then TPA-ZSM-5 entities come into existence. 
+ . 
This stabilization of TPA after 1 day crystallization is also observed in 
the template region of the l.R. spectra (Fig. 5). Next to the characteristic 
+ 
vibrations of TPA stabilized in ZSM-5 units, other bands are observed. 
These are different from those of TPABr (Fig. 5). We tentatively ascribe 
these bands to TPA cations, somewhat stabilized by partly enclosement by 
the "double five-membered ring building units". After 8 days crystallization 
these bands have disappeared, so that during the crystallization of 3 to 8 
days probably all TPA-ZSM-5 entities (< = unit cell) are formed and combine 
to larger units, i.e. crystals of sufficient size. The conglomerates 
observed in the SEM micrographs of the intermediate structures for times 
shorter than 8 days are believed to be built up by these TPA-ZSM-5 entities. 
No long-range ordering is present, therefore the ТЕМ micrograph of the 
solid product formed after 3 days still shows no structure. After 8 days, 
crystals of sufficient size are formed and the ТЕМ micrograph shows very 
nicely the inter-crystal plane distance of the TPA-ZSM-5 network. 
It can be concluded that in an early stage only five-membered rings are 
present next to an aluminum rich alumino-silicate phase. As crystallization 
proceeds the double five-membered rings combine and form large structures 
built around TPA . This means that TPA has a structure directing role 
+ 
during our synthesis; i.e. TPA is clathrated. After sufficient time (8 
days) TPA-ZSM-5 entities combine and form "large" crystals. 
Defeate in the 'ÌP/--Z3M-5 strueture 
As discussed in the previous section, after 8 days crystallization an 
X-ray crystalline solid is formed (XRD, Fig. 1), consisting of relatively 
large crystals (SEM). 
29 + 
The Si spectra of uncalcined and calcined (TPA ) ZSM-5 are different 
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29 ( Si, Fig. 10); some signals disappear during calcination. Boxhoorn et 
I 8 
al. found that calcination and successive heat treatments results in an 
29 . improvement of the Si MAS NMR spectrum. The improvement has been ascribed 
to the disappearance of local defects present in the uncalcined TPA-ZSM-5 
framework. The presence of defects in our TPA-ZäM-5 sample is shown by the 
high submicro pore volume (texture measurements, Table 2). Boxhoorn et 
al. suggested that these defects could be SiOR sites (R = H , Na , ΤΡΑ ) 
with in their case a preference for SiOH, silanol groups. After calcination 
and successive heat treatment these sites, i.e. defects, recombine to 
Si-O-Si bonds. This results in a more homogeneous material and therefore a 
29 27 
narrower Si and Al spectrum is observed. Our results agree with those 
18 29 
of Boxhoorn et al. in so far that some Si signals disappear on 
calcination. 
29 29 
The proton-enhanced Si spectrum ( Si, Fig. 10) of uncalcined TPA-
29 
ZSM-5 matches the 90 pulse Si spectrum of calcined Na,Il-ZSM-5. Proton-
enhancement is a solid state NMR technique which selects out only those 
silicon atoms in a material which are close to protons, by virtue of Η -
29 . 50 
Si dipolar couplings . The proton-enhanced spectrum also is in reasonable 
good agreement with the calculated spectrum in which only those silicon 
atoms are taken into account with aluminum or silicon atoms in the second 
coordination sphere (Si(SiO,), -(AIO.) ). This means that all aluminum 
4 4-n 4 η „о 
atoms linked to silicon are "observed" in the Si spectrum (90° pulse 
spectrum. Fig. 10). Therefore the extra signals in the uncalcined sample, 
which do not show up in the proton enhanced spectrum, are, due to silicon 
atoms, not in contact with protons and without aluminum in the second 
coordination sphere. This means that the defects in our sample (TPA-ZSM-5) 
are not SiOH or SiOTPA sites but may be SiONa sites, in view of the higher 
sodium content of our sample D (Table 1) compared to the samples of Boxhoorn 
et al. 
The following picture can then describe the influence of calcination. 
In short, in uncalcined TPA-ZSM-5, TPA and, if Si/Al < 23, (hydrated) 
sodium cations neutralize the AIO, units in the framework. Other Na atoms 
4 
exist in SiONa sites which disappear on calcination. The sodium atoms 
previously localized in these SiONa sites are after calcination next to 
AIO,, instead of TPA . The defects disappear due to recombination during 
the calcination step. This results in a regular, more perfect framework 
88 
with typical texture features. The localization of these defects in the 
ZSM-5 framework is not possible at present, more work is needed. However, 
29 
the observation of the four-ring unit in the Si MAS NMR spectrum of 
29 
uncalcined TPA-ZSM-5 ( Si, Fig. 10) and in the spectrum of the calcined 
sample as well suggests that the SiONa defects are not localized in these 
four-rings, but should be found somewhere else. 
Crystal growth 
The findings about our crystallization process agree with a 
crystallization process according to a classical nuclcation-growth 
3 1 1 
mechanism as described by Derouane et al. , Argauer et al. and Erdem et 
al. .In this type of synthesis nuclei are formed at the expense of the 
material in the solution phase. Many nuclei are formed from this solution 
first. After a certain Lime (in our case > 3 days) these nuclei combine to 
large units, i.e. crystals. 
Next to these (TPA-)ZSM-5 nuclei an amorphous (aluminum-rich) phase 
27 
is present ( Al, Fig. 7). Therefore the Si/Al ratio of the solid products 
(= amorphous + ZSM-5-like phase) is low in an early stage of the 
crystallization process (chemical analysis. Table 1). The increase of this 
ratio in the course of the formation of TPA-ZSM-5 is due to dissolution of 
this aluminum-rich amorphous phase. The disbolved products form together 
. . , . 3 
with polysilicates and monosilicates in solution new precursors (double 
49 five-membered rings ) which are used for the building of TPA-ZSM-5 entities 
in the solid state (liquid to solid mass transport). The lowering of the 
carbon content after 8 days (Table 1) indicate that growth of ZSM-5 can 
3 52 
also occur without TPA ' . The formed TPA-ZSM-5 after 8 days is still not 
29 
perfect in view of the large amount of defects still present ( Si, Fig. 10). 
This may be partly due to the fact that the synthesis in the autoclaves 
results in the formation of many nuclei. Big crystals, which in general grow 
out of a few nuclei, cannot be formed. Further, these nuclei do not arrange 
themselves in the solid state in such a way that perfect crystals are formed 
(solid to solid transformation). This leads to many defects which disappear 
during calcination, in fact an annealing step. 
Techniques and new contributions 
The information content of every technique (Table 5) is of importance 
for the full characterization of the intermediate TPA-ZSM-5 structures, as 
89 
ought to be clear now from the former discussion sections. However, if the 
interest is only focussed on the identification of zeolite ZSM-5 fewer 
techniques are sufficient. These techniques are marked in Table 5. 
X-ray diffraction is sufficient for ZSM-5 structure recognition after 
13 
a long synthesis time. Infrared, С MAS NMR and DTA of the template are 
techniques which can already be used in an early stage of the crystallization 
13 
process in which TPA-ZSM-5 is still X-ray amorphous (see I.R., Fig. 4, C, 
29 
Fig. 6 and DTA, Fig. 2). Texture and Si MAS NMR are techniques which show 
if any defects are present in the TPA-ZSM-5 structure. The presence of 
aluminum containing material not belonging to ZSM-5 is most easily confirmed 
27 37 
by Al MAS NMR, as stated already in earlier work in which XRÜ could not 
identify the presence of short-ordered Al.O.,, and texture measurements. 
Finally, Table 6 summarizes the new results obtained in this study. 
Table 6 :¡ew contributions to zeolite ¿SM-Ь research 
chemical analysis 
XRD The V-value as introduced by Wu et al. is influenced 
by the presence of the TPA+ cation. 
Texture The presence of framework defects in TPA-ZSM-5 can be 
demonstrated by measurement of the surface area in the 
micropores. 
SEM/TEM 
TGA/DTA The DTA graph due to the decomposition of TPA can be 
used as a fingerprint method for checking the presence 
of TPA-ZSM-5 like structures, irrespective of the 
framework composition. 
I.R. TPA-vibrations are observed which are not present in 
pure highly crystalline TPA-ZSM-5 and TPABr. The 
vibrations monitor the transition of small ZSM-5 
entities (< unit cell) to a crystal framework (crystals). 
13 
С MAS NMR 
27 Al MAS NMR 
29 Si MAS NMR 
An aluminum-rich amorphous phase and a more siliceous 
ZSM-5-like phase can be observed separately and followed 
as a function of synthesis time only at 130.3 MHz. 
Signals of SiONa framework defects can clearly be observed 
by a combination of straightforward pulse excitation and 
Ή - Si cross-polarization experiments. 
Bars indicate that these techniques confirmed the results of others. 
90 
Conclusion 
All techniques involved here are necessary in order to fully 
characterize intermediate TPA-ZSM-5 type structures. In an early stage of 
the crystallization process the solid product is structureless without any 
presence of a TPA-ZSM-5 type structure. After 1 day TPA-ZSM-5 type entities 
are formed with dimensions less than or comparable to an unit cell. The 
amount of these structures increases upon time. After 8 days TPA-ZSM-5 
crystals are formed still bearing a lot of defects. These defects are 
removed by calcination. 
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CHAPTER 11 
SODIUM-23 MAGIC ANGLE SPINNING NMR STUDIES OF NCbH-ZSM-5 
AND Na,TPA-ZSM-5 ZEOLITES* 
K.F.M.G.J. S c h o l l e , H.A.J.M. Bakkum1" and W.S. Veeman 
Department of Physical Chemistry 
Faculty of Science 
Universi ty of Nijmegen 
Toernooiveld, 6525 ED NIJMEGEN 
The Netherlands 
Abstract The influence of dehydration and hydration 
of zeolite Να,Η-ZSM-S and iia,TPA-ZSM-S is studied by 
23 + 
Na magic angle spinning (MAS) NMR. Bare Na and 
hydrated Na cations. Na (H.O) , can be discriminated 
by their difference in chemical shift. In Να,ΤΡΑ-ZSM-S 
resonances of bare Na and Na (ü00) coexist, in 
ύ η 
contrast to Na}H-ZSM-5 where only a single exchanged-23 
narrowed Na resonance is observed. The exchange 
process is due to the mobility of the Na cations, 
which is restricted in the case of Na,TPA-ZSM-S due 
to the presence of the tetrapropylammonium cation 
(TPA+). 
present address: Silenka B.V., P.O. Box 50, 
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Introduction 
The catalytic and adsorptive properties of zeolites depend on the 
location, i.e. presence, of the exchangeable cations in the framework . 
These cations, in most cases exchangeable Na and H ions, are needed for 
the neutralization of the charge brought about by the AIO, Letrahedra in 
23 
the zeolite framework. Here, we want to report the results of a Na MAS 
+ 
NMR study of Na cations m zeolite Na,H-ZSM-5 and Na,TPA-ZSM-5 as a 
function of the water content. 
Experimental 
The Na,TPA-ZSM-5 and Na,H-ZSM-5 samples were donated by DSM, Geleen. 
Na,TPA-ZSM-5 was prepared according to a general method described by Mobil 
Oil . Calcination at 525 С in air ("shallow bed" treatment) for circa 16 
hours resulted in the Na-H-ZSM-5 sample. X-ray diffraction confirmed the 
crystallinity of these samples because they exhibit the typical diffraction 
2 
pattern for crystalline ZSM-5 zeolites . The C, Si, Na and Al contents of 
the samples were determined by conventional methods and resulted in the 
composition given in Table 1. Dehydration of the Na(H-ZSM-5 sample was 
performed by vacuum drying (10 torr) at 300oC for 23 hours ("shallow bed" 
treatment). In the case of the TPA-ZSM-5 sample dehydration was achieved by 
vacuum drying (10 torr) for 25 hours at 280OC ("shallow bed") in order to 
prevent decomposition of TPA which occurs above circa 300 С . To prevent 
rehydration, spinners are filled under an anhydrous nitrogen gas atmosphere 
in a glovebox. Η NMR measurements revealed that rehydration through the 
spinner walls during the experiment is negligible . Hydration was performed 
at room temperature by exposing the material in a closed system to a small 
container with water. 
Table 1 Composition of the samples 
Samples Si/Al Im/Al TPA/Al molar ratios 
Na,TPA-ZSM-5 6.21 0.65 0.16 
Na,H-ZSM-5 6.25 0.81 0.0 
96 
The Na spectra have been measured by straightforward single pulse 
excitation at 79.3 MHz (pulse duration 5 vs, relaxation delay 0.2 s, Bruker 
CXP-300) and A7.6 MHz (pulse duration 5 us, relaxation delay 0.5 s, home-
built 180 MHz). For the Bruker CXP-300 Andrew type delrin rotors have been 
used with a spinning frequency of circa 3 - 5 kHz and for the 180 MHz 
spectrometer cylindrical delrin rotors with two air bearings . Chemical 
shifts are referenced to an aqueous solution of NaCl. Proton decoupling had 
23 
no effect on the Na resonances of hydrated and dehydrated samples, 
indicating that proton dipolar couplings are so weak that it can be 
averaged to zero by magic angle spinning alone. 
Results and dicussion 
23 
Fig. 1 shows the Na MAS NMR spectra of Na,H-ZSM-5 as a function of 
hydration and dehydration. For a fully hydrated sample one resonance is 
J I I L. 
100 0 -100 -200 
Fig. 1 Na MAS ШШ spectra of [¿a3H-ZSM-5 as a function of water· content at 
79.3 MHz (number of transients, for the hydrated sample 5,000, dehydrated 
250,000, rehydrated for 15 min. 10,000, l.b hours 10,000 and 8 hours 
rehydration 5,000). Stars indicate spinning side bands. 
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23 
observed at -6.8 ppm. In the dehydrated case the Na resonance is broadened 
and shifted to higher field, to circa -25 ppm. On rehydration the line 
gradually narrows and shifts to lower field, until after 8 hours the 
23 
original situation is obtained again. The increase in linewidth of the Na 
resonance on dehydration means that the bare Na ions, which come into 
existence upon dehydration, are located in less "symmetric" environments 
than ' hydrated sodium ions, Na (HO) . At lower field (A7.6 MHz) the 
linewidth of the resonance of the bare Na ions increases circa 1.2 times, 
indicating that the dominant linebroadening mechanism is a quadrupole 
broadening. The fact that no fine-structure is observed, i.e. a quadrupole 
Q 
doublet , indicates that the asymmetry parameter, η, of the quadrupole 
interaction is high (η ~ 1). This also shows that the bare Na ions are 
located in nonsymmetric sites of the ZSM-5 framework. 
23 The observation of a shift and narrowing of the Na resonance line 
in Na,H-ZSM-5 during rehydration instead of two separate signals suggests 
that the resonance is determined by an exchange process between bare Na 
and hydrated Na (Na (H.O) ). Such exchange can occur when either the Na 
I n 
ions or the watermolecules (or both) are mobile and rapidly change 
positions. 
27 
At this point we have to recall the results of earlier Al NMR 
fi ? 7 
experiments on Na-ZSM-5 . It was shown that on dehydration the Al NMR line 
in Na-ZSM-5 disappeared due to increased quadrupole interaction caused by a 
distortion of the AIO, tetrahedra. It is suggested that this distortion is 
effected by the approach to the tetrahedron of the bare cation. On 
27 
rehydration the relatively narrow Al line reappears again (Fig. 2). The 
same phenomena are observed for the particular Na,H-ZSM-5 sample discussed 
here. For the present context it is important to notice that during 
27 
rehydration the width of the observed Al line does not change. This 
27 implies that from the point of view of Al NMR the sodium cations in 
+ 27 
Na,H-ZSM-5 are present either as bare Na ions (the resonance of Al atoms 
next to these bare cations is too broad to be observed) or as hydrated 
ions (the resonance of Al atoms next to these sodium ions is observed). 
23 
From the exchange process observed for the Na resonance as discussed 
above, it was concluded that either the Na ions are mobile or the H O 
molecules or both. However, when the Η-O molecules would exchange between 
different AloT tetrahedra: (Na+)(H„0) (AloT) -» (Na+)(AloT) then this would 
4 ζ n 4 4 
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Fig. 2 78.2 MHz Al MAS NMR spectra of Na-ZSM-5 (Si/Al - 40) as a 
о 
function of water content (pulse duration 5 pSj relaxation delay 0.2 s, 
MAS circa Ζ kHz, Broker CXP-300). The resonance at 53 ppm is due to AIO. 
in Na-Y.SM-S, the sharp line is due to AKH.O) and the lines at 65 and 
5 ppm due to AIO. and AIO sites in an Al J) impurity. 
also affect the Al resonance. On rehydration one should then expect a 
27 
gradual decrease of the linewidth of the Al resonance from too broad to 
be detectable to the relatively narrow width of the line in the hydrated 
sample. It is easy to see that this statement is true when one realizes 
that the unobservable Λ1 resonance in the dehydrated case is severely 
inhomogeneously broadened. Since such an effect is not observed, this 
suggests that the water molecules in the pores are at room temperature not 
so mobile that the above described exchange process can occur. Of course, 
diffusion of water molecules through the pores must be possible but this is 
presumably a much slower process. This conclusion has been reached before 
1 9 from Η NMR . 
23 
As a consequence, the exchange process observed by Na NMR in 
Na,H-ZSM-5 must then be due to mobile Na ions which can interchange 
positions between the two sites (Na )(H.O) (AIO.) «* (Na )(A10,). Such an 
99 
2J 
exchange process does not affect the Al resonance but influences the Na 
resonance if the exchange is fast enough. 
23 
Fig. 3 shows the Na MAS NMR spectra of Ка,ТРА-2ЬЧ-5 as a function 
23 
of dehydration and hydration. Two Na resonances are observed for the 
hydrated sample at -9 and circa -30 ppm. 
23 
By comparison with the previous Na spectra it can be concluded that 
in Nd,TPA-ZSM-5 no interchange of Na between (Na )(H 0) (A]0~) and 
(Na )(AIO.) can occur on the timescale of the experiment. Both resonances 
are observed. 
Ihe amount of bare Na increases upon dehydration. During hydration 
+ + 
the relative amount of bare Na and hydrated Na change, but shift effects 
are not observed. After a long hydration time, 9 days, which is much longer 
than for the (calcined) Na,H-ZSM-5 sample (8 hours), the original situation 
+ 
is obtained again. The slow rehydration indicates that the TFA cations 
NaTPAZSM 5 
DEHYDRATED 
23 Tig. 3 Na MAS NMR spectra of na,rPñ-¿SM-5 as a function of water content 
at 79.3 MHz (number of transients for the hydrated sanple 5,000, dehydrated 
250,000, rehydrated, 30 тгп., 25,000, 3 hours 10,000 and 9 days rehydration 
2,400). Stars indicate spinning side oands. 
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restrict the free diffusion of water molecules in the pores and that due 
to the presence of TPA not all Na cations can be hydrated. This agrees 
with recent (130.3 MHz) Al MAS NMR studies of zeolite TPA-ZSM-5 . From 
these studies it was concluded that circa 40% of the aluminum atoms is not 
observed due to the existence of AlO.Na entities which cannot be hydrated. 
An exchange effect as found for Na-ZSM-5 (Fig. 1) is not observed 
+ here, see Fig. 3, probably due to the presence of TPA which is believed 
. . + . . 
to limit also the Na mobility. 
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SUMMARY 
This thesis describes a number of solid state magic angle spinning 
(MAS) NMR experiments on zeolites. 
After a brief general introduction we start in chapter 2 with a 
treatment of the crystal structure of the pentasil type zeolites (ZSM-5 
and ZSM-ll)which have been investigated. Tt is shown that the crystal 
structure can be built from a double 5-1 building unit which is constructed 
from the primary building units, the Si, AIO tetrahedra. 
The theory of a spin system in the solid state is discussed in 
chapter 3. The terms in the spin hamiltonian essential for the NMR 
experiments are treated. It is shown that the most important linebroadening 
interactions for a nuclear spin like the chemical shift anisotropy and 
the quadrupole interaction are averaged to zero or reduced by MAS and 
high magnetic fields. 
By means of H MAS NMR the water adsorption behaviour (chapter A) and 
the acidity of zeolite 1I-ZSM-5 with respect to H-Boralite (chapter 5) is 
investigated. Isomorphous substitution of boron for aluminum results 
in a lowering of the acidity of the hydroxy1 groups. 
The coordination of boron (chapter 6) in a crystalline borosilicate, 
H-Boralite, has been studied by В MAS NMR as a function of the water 
concent. In the hydrated state the boron atoms are four-fold oxygen 
coordinated, BO,. After dehydration the boron tetrahedron is deformed in 
such a way that boron is situated in the plane of three oxygens and can 
be considered as a planar BO group. The planar trigonal coordination 
explains the weak acidity of the catalyst. 
Upon dehydration the aluminum tetrahedron in zeolite ZSM-5 is also 
deformed but not in such a characteristic way as for boron in H-Boralite. 
For aluminum in ZSM-5 it is certainly not appropriate to speak of a 
change in coordination (chapter 7). 
The crystallization of zeolite TPA-ZSM-5 (TPA = tetrapropylammonium) 
13 27 29 . 
has been investigated by a variety of techniques like C, Al and Si 
MAS NMR (chapters 8,9,10). More insight into the crystallization process 
and the occurrence of defects is obtained and discussed in these chapters. 
102 
The high-field (130.3 MHz) Al MAS NMR spectra of TPA-ZSM-5 show 
27 
more resolution than the low-field (78.2 MHz) Al spectra, i.e. distinct 
AIO, sites are observed as the quadrupole broadening has decreased at 
higher field (chapter 8). The observation of distinct AIO, sites is 
determined by the Si/Al ratio and the presence of TPA cations in the 
pores (chapter 9). 
23 + 
In the last chapter we present a Na MAS NMR study of Na cations in 
Na-ZSM-5 and Na,TPA-ZSM-5. The Na cations are mobile in Na-ZSM-5 but not 
in Na,TPA-ZSM-5 because the presence of TPA in the pores restricts the 
mobility. 
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SAMENVATTING 
In dit proefschrift zijn vaste stof magic angle spinning (MAS) NMR 
experimenten aan zeolieten beschreven. 
Na een korte algemene inleiding starten we in hoofdstuk 2 met een 
beschrijving van de kristalstructuur van de door ons onderzochte pentasiel 
type zeolieten (ZSM-5 en ZSM-11), welke opgebouwd kunnen worden uit een 
dubbele 5-1 bouweenheid die op zijn beurt gevormd is uit de primaire bouw-
eenheden, de Si,AIO, tetraëders. 
ч 
In hoofdstuk 3 wordt de theorie van een spinsysteem in de vaste stof 
behandeld. De termen in de spin hamiltoniaan relevant voor de NMR experi­
menten worden besproken. Door toepassing van "magic angle spinning" en 
hoge magneetvelden worden de belangrijkste NMR lijnverbredende interacties 
van een kernspin, namelijk de chemische verschuivingsanisotropie en de 
quadrupool interactie uitgemiddeld respectievelijk gereduceerd. 
Met behulp van H MAS NMR is het wateradsorptie gedrag (hoofdstuk 4) 
en de zuursterkte van zeoliet H-ZSM-5 in relatie met H-Boraliet (hoofd­
stuk 5) bestudeerd. Isomorfe substitutie van aluminium door borium resul­
teert in een afname van de zuursterkte van de hydroxylgroepen. 
De coördinatie van borium (hoofdstuk 6) in een kristallijne borosili-
caat, H-Boraliet, als functie van het watergehalte is bestudeerd met В 
MAS NMR. In de gehydrateerde vorm zijn de borium atomen viervoudig zuur­
stof gecoördineerd, ВО,. Na droging is de boor-tetraëder op een zodanige 
wijze gedeformeerd dat borium zich bevindt in een vlak van drie zuurstof-
atomen en beschreven kan worden als zijnde een vlakke ВО» groep. De vlakke 
trigonale coördinatie verklaart de zwakke zuursterkte van deze katalysator. 
De aluminium tetraëder AIO, in zeoliet ZSM-5 is na droging ook gede-
formeerd maar niet zoals borium in H-boraliet. In tegenstelling tot borium 
verandert de coördinatie van aluminium in ZSM-5 niet (hoofdstuk 7). 
De kristallisatie van zeoliet TPA-ZSM-5 (TPA = tetrapropylammonium) 
13 27 
is bestudeerd met een groot aantal technieken, waarbij ook C, Al en 
29 
Si MAS NMR (hoofdstuk 8,9,10). Een tamelijk gedetailleerd beeld van het 
kristallisatieproces en de optredende defecten is hierdoor verkregen en 
in de betreffende hoofdstukken beschreven. 
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De hoogveld (130,3 MHz) Al MAS NMR spectra van TPA-ZSM-5 vertonen 
27 in tegenstelling tot de laagveld (78,2 MHz) Al spectra meer resolutie, 
d.w.ζ. waarneming van distincte AIO, sites, door de afname van de quadru-
poolverbreding bij hoger magneetveld (hoofdstuk 8). De waarneming van 
distincte AIO, sites wordt bepaald door de Si/Al verhouding en de aan-
4
 + 
wezigheid van TPA kationen in de poriën (hoofdstuk 9). 
23 + 
Het laatste hoofdstuk beschrijft een Na MAS NMR studie van Na 
kationen in Na-ZSM-5 en Na,TPA-ZSM-5. De Na kationen zijn mobiel in 
Nd-ZSM-5 maar niet in Na,ΓΡΑ-Ζ5Μ-5, waar door de aanwezigheid van TPA 
in de poriën de mobiliteit wordt verhinderd. 
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De auteur van dit proefschrift, geboren 25 mei 1957 te Ubach over 
Worms, behaalde zijn eindexamen atheneum 6 aan de Rijksscholengemeenschap 
te Venlo in 1976. In datzelfde jaar begon hij scheikunde te studeren aan 
de Katholieke Universiteit te Nijmegen (K.U.N.). Het kandidaatsexamen S3 
(hoofdvakken scheikunde en natuurkunde en bijvak wiskunde) werd afgelegd 
in september 1979. In mei 1982 werd het doctoraalexamen afgelegd met als 
hoofdvak Vaste Stofchemie (benattingsgedrag van vloeibaar tin op keramische 
materialen bij hoge temperaturen in het kader van het zonnecellenproject, 
Prof.dr. J. Bloem), bijvak Molecuulspectroscopie, uitgebreid tot de om-
vang van een tweede hoofdvak (NMR aan zeolieten. Prof.dr. E. de Boer) en 
als caput het tentamen Chemische Technologie (Prof .dr. C. van Heerden). 
Tijdens het tweede hoofdvak trad de auteur van dit proefschrift in 
december 1981 in dienst van de K.U.N, als adjunct-wetenschappelijk 
medewerker, in het kader van het zeolietenproject gesteund door DSM, 
Geleen. Aansluitend aan het doctoraalexamen werd het in dit proefschrift 
beschreven project voortgezet en in dit verband trad hij in juni 1982 in 
dienst van de K.U.N, als wetenschappelijk medewerker. Het onderzoek stond 
onder de dagelijkse leiding van Dr.Ir. W.S. Veeman. Tijdens de studie- en 
promotieperiode assisteerde hij bij diverse practica (algemene chemie voor 
Ie jaars chemie studenten en het practicum spectroscopie voor 3e jaars 
chemie studenten in de differentiatie fase) en verzorgde hij het werk-
college chemische binding. 
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STELLINGEN 
ι 
13 
De bepaling van de fractie polybutadieen in ABS via С (MAS) NMR, door 
Jelinski et al., is niet overtuigend. 
Jelinski, L.W.; Durnais, J.J.; Watniak, P.I.; Bass, S.V. and Shepherd, L., 
J. Polym. Sci.: Polym. Chem. Ed., 1982, 20_, 3285. 
II 
Het door Jacobs en von Ballmoos , op grond van infrarood gegevens, voorge­
stelde feit dat in hoog kristallijne ZSM-5 zeolieten geen silanolgroepen 
. 2 3 
aanwezig zijn, is aan twijfel onderhevig ' . 
1. Jacobs, P.A. and Von Ballmoos, R., J. Phys. Chem., 1982, 86, SOSO. 
2. Sayed, M.B.; Kydd, R.A. and Cooney, R.P., J. Catal., 1984, 88, 137. 
3. Dit proefschrift. 
III 
De begeleidingscommissie Moermantherapie dient zich te realiseren dat de 
onderlinge onenigheid die is ontstaan bij het opstellen van een behandelings­
protocol aangeeft, dat ook zij niet naar Moerman luistert. 
IV 
Het verdient aanbeveling de mogelijkheden van NMR-tomografie aan composieten 
te bestuderen. 
V 
Het is misleidend om "gefitte" waarden aan te duiden als zijnde berekend en 
ze vervolgens te vergelijken met de experimentele waarden. 
Kuppusamy, P., thesis. Madras, 1984, p. 99. 
VI 
De door Lagowski et al. gegeven verklaring voor de invloed van het Fermi 
niveau op de gallium vacature concentratie in (stoichiometrisch) GaAs is 
aanvechtbaar. 
Lagoweki, J.; Gatos, U.C.; Aoycma, T. and Lin, D.G., Appi. Phys. Lett., 
1984, 45, 680. 
VII 
Een zwaar tentamen is als een blanco vel papier, men wordt er niet wijzer 
door. 
Nijmegen, 24 mei 1985 K.F.M.G.J. Scholle 


